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Abstract

Modern construction techniques enable reinforced concrete structures to be
constructed in a very short time. The loads occurring due to the construc-
tion process on the partially completed structure can be larger than the design
service load. The available strength of the immature partially completed struc-
ture is dependent upon the available concrete strength which may be less then
the specified strength. Failure would occur if the available strength is less than
that required to support the construction loads.

The construction loads can also cause significant immediate deflection due
to concrete cracking and its low early age modulus of elasticity. Because of the
high ﬁpplied stress/developed strength ratio and shrinkage, the time dependent
deflection may be unacceptably large. A

This thesis examines the early age behaviors of concrete tensile strength,
madulus of elasticity, concrete shrinkage and creep, and develops prediction
eq\iations which are demonstrated to be more appropriate than the current

code equations.
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Chapter 1

Introduction

1.1 Early-Age Loads

Traditionally engineering education and design practice have concen-
trated upon the detailed design of the finished structure to resist specified
loads due to self-weight, occupancy, wind, earthquake, etc. The choice of the
construction method and temporary members to resist loads occurring during
construction has been left to the constructor. This is illogical as the majority
of building and bridge failures occur during construction rather than after the
structure has been completed. |

Secondly, all the long term quality of a structure is significantly deter-
mined during the construction process; any cracks or deflection which occur
during construction, with few exceptions, remain in the structure.

Most reinforced concrete high rise buildings are constructed by casting
onto forms which are, in turn, supported by one or more previously cast floors.
The loads applied during the construction process to the supporting floors are
great, and can significantly exceed the supporting structure’s capacity devel-
bped at that time. The loads applied to the slabs and forms are dependent on

the number of forms, number of reshores, and the sequence of stripping the



forms and reshores. The imposition of load on young concrete can lead to ap
undesirable level of stress and deformation in the slabs. A short-term overload
at an early age may cause extensive cracking that will be detrimental to the
subsequent performance of the structures. Consequently, it is important that
the performance of a concrete member be considered with reference to not only
the service or design load, but also the load history during construction of the
building,.

As concrete has attained only low strength when the transient construc-
tion load is applied, the ratio of the stress applied to the available strength
is high, resulting in large immediate deflection because of the low modulus of
elasticity of the concrete. This temporary overload can also result in cracks,
which in turn, reduce the stiffness of the slab. Furthermore, the early age load
can increase the long-term creep of concrete. The deflection caused by these
early age loads are essentially irrecoverable, and thus, the long-term deflection
of slabs can be excessive due to the early age construction loads.

The problems implied in the construction process have become more
pronounced as the rate of construction has been increased. It is now not
unusual to build a multi-floor flat slab building at rates of 2 or 3 floors a week.
When structures are constructed at this rate, significant forces occur on the
structural system, in which the concrete has not developed its full strength.

Currently a structure is designed so that the factored resistance of the
structural elements shall exceed the total factored load effect; and for service-
ability, the deflections and crack widths should not exceed certain limits. The
design of reinforced concrete floor slabs mﬁst take into consideration both the:
design or service loads and the construction loads. The design loads are speci-
fied, but the construction loads are usually not well defined; they are dependent
upon the number of forms, number of reshores, and the sequence of stripping
the forms and reshores. A method for calculating the loads imposed during
construction of flat slabs was proposed by Gardner!?. Gardner found that if
the design live load to dead load.ra.tio of the building slabs was 0.5, the loads



carried by the floor slabs for a typical construction cycle of one level of shores
and one two levels of reshores placed at one floor per week was 1.4 times of the
slab self weight. According to the ACI (American Concrete Institute) or CSA
(Canadian Standard Association) design criteria, the available strength of the
concrete slab at 7 days should not less 0.87 of the 28-day strength to support
the dead loads. Therefore, the problem arises to determine the early-age load
capacity of a structure for safety during construction and how the early-age

loads affect the long-term performance of a structure.

1.2 Early-Age Strength

The strength capacity of reinforced concrete slabs or structures is depen-
dent upon the structural detail of the structure, the rate of construction, and
rate of gain of concrete strength. Therefore, it is dependent upon the 28-day
design strength, age of the concrete, temperature, type of cement, possible
admixtures used, etc.

‘The typical equation determining the moment capacity M, of a rein-

forced concrete beam in flexure can be written as
M. = A fyd(1 - 0.59p%) (11)

where A, is the area of steel, f, is the steel yielding strength, f; is the concrete
strength, p is steel ratio, and d is the distance from the steel to the top of the
concrete section.

This equation has been verified by many researchers using values of f,
and f! measured at the day of test.

However, does the equation apply at early ages? If the equation is time
independent, all that is required to calculate early age flexural strength is to
use the early age concrete strength with the realization that the beam may

become over-reinforced because of the low concrete strength.



For beams or slabs without shear reinforcement, shear is potentially
more disastrous than flexure as the failure load is directly dependent :pon
concrete strength. Two prediction equations from ACI/CSA and BS (British
Standards), neither of which can be defended on the basis of statics, are avail-
able.

ACI 318-89 / CSA A23.3M-84:

Vi o bd(f)/? (1.2)

BS 8110-85:
V. o bd(pf)'/° (1.3)

The BS 8110-85 relationship is less sensitive to concrete strength than
the ACI-CSA equation. By appropriate choice of constant either equation can
hold at 28 days, but what happens at early ages?

If the shear strength equation is time-independent, the shear capacity
can be easily determined when the compressive strength at the time of loading
is known.

It is generally accepted that for mature concrete, all the mechanical
properties, such as modulus of elasticity and tensile strength, are related to
the compmsiw'a strength. Are those relationships time-independent? If the
answer is yes, they can be predicted from the early-age compressive strength.

Because the primary purpose of concrete, when used as a structural
material, is to resist compression,' and because it is easy to determine and
provides a good picture of general capacity of the concrete, the compfessive
strength of concrete is usually considered as the indication of concrete quality.

It is well-known that the growth of strength of concrete is linked to the
quantity of cement gel formed by hydration. During the past decades, many
methods have been proposed for predicl:‘t-\ing the early age strength of concrete.

One method™ to predict strength assumes that the compr;essive strength
of concrete is a unique function of gel/space ratio, which in turn, is a function

of water/cement ratio and the degree of hydration. Whereas in hardened ce-
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ment paste or mortar the porosity can be related to strength, with concrete the
situation 1s not simple. The presence of microcracks in the transition zone be-
tween the coarse aggregate and the cement paste make concrete too complex a
material for prediction of strength by precise strength-porosity relations. With
concrete containing conventional low-porosity or high-strength aggregates, the
strength of the material will be governed by both the strength of cement paste
and the strength of the transition zone. At early ages, the transition zone is
weaker than the matrix, and will govern the concrete strength.

Another method, which is commonly used to predict the early-age
strength of concrete, is the maturity concept based on the Saul-Nurse func-
tion or the Arrhenius function. The Saul-Nurse function is recommended by
ACI Cormmittee 306 as an alternative to using laboratory or field-cured tests,
whereas the Arrhenius function has been accepted by the CEB (Comite Euro-
International Du Beton) code. While both can be shown to work well for
isothermally cured concrete, the Saul-Nurse function gives a relatively poor
representation for concrete cured at low temperatures.

Some researchers have reported good correlations between maturity and
‘compressive strength of concrete, but others have questioned the validity of the
maturity concept. For instance, it is pointed out that the maturity concept
does not take into consideration of the infiuence the casting temperature or
the humidity of curing. The:z2fore, it is necessary that the concept be re-
investigatgd.

1.3 Tensile Strength

The properties of concrete in tension have not been studied to the same
extent:as those of concrete under compression, because the capacity of the
concrete for carrying compressive loads is far greater than its capacity for

carrying tensile loads. Information on the tensile properties of the concrete



is, however, required to be able to assess the risk of cracking. In conjunction
with plastic shrinkage, temperature stresses due to heat of hydration, or early
age loading stresses, or to caleulate the structural stiffness affected by cracks
requires a knowledge of the tensile properties of the concrete at early ages.
With the increasing use of finite element methods for structural analysis, a full
understanding of the available tensile strength at early ages has become more
important.

Since determining the uniaxial tensile strength of corcrete is compli-
cated from the testing point of view, the split cylinder temsion test is widely
accepted.

It is known that the growth of tensile strength is mainly influenced by
the same factors as those which influence the compressive strength. For mature
concrete, tensile strength is related to its compressive strength. Although
different formulae are used in North American and Furope, the concept is
the same. Do these equations apply to early-age concrete? If the answer 1s
yes, the prbblem becomes simple, all that needs to be known is the early-age
compressive strength and the appropriate relationships.

1.4 Modulus of Elasticity

Early investigators found that the modulus of elasticity increases more
rapidly than the compressive strength at early ages. The modulus of elasticity
of concrete has been treated as a unique functéon of compressive strength using
formula derived from tests of mature concrete.

Recently, Byfors'? found that the relationship between the modulus
of elastxcxty .of concrete at early ages and its compressive strength is influenced
not-only by the water-cement ratios, but also by the age at test. The recently
proposed British Code BS8110-85 states that the modulus of elasticity of con-

crete at an early age is a function of its compressive strength as well as the age




at loading. Therefore, the question arises as to if the moduius of elasticity can
be related to its compressive strength regardless of its age?

In addition, for mature concrete. the relationship between modulus of
elasticity and compressive strength used in North America is quite different
from that used in Europe, hence it is necessary to verify which relation gives
a better representation.

For those reasons, modulus of elasticity of concrete at a wide range of

ages was investigated.

1.5 Shrinkage and Creep

Recent work by Gardner and Ful? indicated that the contribution of the
effects of construction loads to the long term deflection could not be ignored. |
The long term deflection of a concrete member will include a deflection due to
shrinkage of the concrete and the elastic deflection caused by the various dead
and live loads plus creep deflections calculated for each of the loads taking
account of the age at loading. '

In addition to serviceability considerations, time-dependent deforma-
tions may affect structural integrity. For example, prestressed beams are sub-
jected to losses in prestressing force caused by creep and shrinkage, which may,
in some cases, reduce loading capacity.

For prediction of shrinkage and creep of concrete, different procedures
are proposed by the ACI and CEB codes. Since different procedures present
quite different values of creep and shrinkage, comparison of the code calculated
results with reported experimentai data, and also, an attempt to mddify the

existing formulae, has been made in this study.



Chapter 2

Maturity of Concrete

2.1 Introduction

Concrete gains sirength as a result of chemical reactions (hydraﬁon)
between the cement and water; and for a given concrete mixture strength at
| any age and in normal conditions is related to the degree of hydration. The rate
of hydration and, therefore, strength development of a given concrete will be a
function of its temperature. Thus, assuming that sufficient moisture is always |
present for hydration, the strength of concrete depends on its time-temperature
history.

" Around 1950, a series of articles appeared that proposed a method for
accounting the combined effects of time and temperature on strength devel-
opment by using a "maturity rule”, whiéh states simply that the strength of
‘& given concrete is a single-valued function of the maturity. The maturity M
is calculated from the temperature history of the concrete according to the

20

123 and Nurse??,

traditional relation proposed by Sau

M= [z- T;)dt i (2.1)

Where T is the temperature of the concrete, T is the temperature below which

hardening concrete ceases to gain strength with time t.



Various values have been suggested for the datum temperature Ty
Plowman®® determined that the value was —11.7°C. Others®3¥-2302.12.211.2.10
have suggested different values for Ty (from —15°C to 10°C) depending on the
expected range of curing temperature. The recommended value in American
practice is —10°C?2,

In the mid 50’s, there were serious doubts on the ability of the Nurse-
Saul function to accurately account for temperature-time effects?2423223 14
was shown that when initial curing temperatures differed, there was not a
unique strength versus maturity relation for a given concrete?®®,

Investigations by Kasai*?®, Bresson®” and Carino®® indicated that
the maturity function is influenced by curing conditions, water/cement ratio,
cement type and admixture used, but no quantitative conclusions were given.

Recently, tests performed by Byfors?® indicated that the Nurse-Saul
function gave very poor representation of the maturity of concrete at low cur-
ing temperatures; while the Arrhenius function gave 2 much better maturity-
strength relationship than the Nurse-Saul function over a wide rﬁnge of con-
crete curing temperature variatiors.

The main reason that the maturity method is not widely used in North
America may be the lack of familiarity with the method and questions about
its reliability. Since the strength-maturity relation is influenced by so many
factors, it should be veﬁﬁed if this method is useful in practice and to what ex-
tent the method is accurate. The major objective of this chapter is to examine

the strength-maturity relation and its validity.

2.2 Historical Review

In the late 1940’s and early 1950’s a series of papers were published
dealing with accelerated curing methods for concrete. The ideas presented were

the roots of the maturity concept. In 1949, McIntosh?®2® reported experiments

9



to develop procedurcs for electric curing of concrete. In devising a method to
account for the temperature-time history on strength development, Mclntosh
proposed that th- product of time and temperature be used to summarize the

effects of curing history. Mclntosh reasoned as follows:

"The rate of hardening of concrete decreases with fall of temper-
ature; the hydration of cement virtually ceases at a temperature
referred to as the 'no-hardening temperature’ and taken to be 30°F
for convenience. . It is assumed that the rate of hariening at any
moment is directly proportional to the amount by which the curing
temperature exceeds the no-hardening temperature; the amount of
hydration which has taken place in a specimen with therefore is
proportional to the area of under the temperature-time curve, with

30°F as a datum.”

The area under the temperature-time curve was called "basic age” and
expressed in units of °F-hours. | '

A similar approach was suggested by Nurse*# in a paper dealing with
low-pressure steam curing of concrete. He suggested a datum temperature of
0°C, corresponding to the freezing temperature of water. He demonstrated
that when relative strength development was plotted as a function of product
of temperature and age, the data for different mixtures and curing conditions
fell close to a single non-linear curve.

In 1951, Saul*® summarized the research on steam curing of concrete,
and for the first time used the term "maturity” to describe the product of age
and temperature above a datum. Saul recognized that hardening concrete can
continue to develop strength at temperature below the freezing point of water
and suggested that —10.5°C be used as the datum for ordinary temperature
'curing. Saul also presented his "law of gain of strength with maturity™:

" "concrete of the same mix at the same maturity has approximately

the same strength whatever combination of temperature and time

10



goes to make up that maturity.”

Mathematically, maturity is defined as Equation?2.1, which is generally
referred to as the Nurse-Saul maturity function.

In 1953, Bergstrom®® demonstrated the applicability of the maturity
concept by analyzing experimental data which dealt with temperature effects
on strength development of concrete. He found that when relative strength
was expressed in terms of maturity, there was little deviation of the data from
a common curve. But unfortunately, he did not explain how to determine the
ultimate strength for a given concrete mix and curing conditions.

In 1956, Plowman®® reported on research aimed at experimental deter-
mination of the datum temperature, which was defined as "the curing temper-
ature at which the strength of concrete remains constant irrespective of age”.
He found this temperature to be —11.7°C. He proposed that the strength (S)

is a linear function of the logarithm of maturity:
S =a+ binM) (2.2)

where a and b are constants for a particular concrete mixture.

In Plowman's experiments, all specimens were cured between 16°C and
19°C during the first 24 hours before being subjected to the different curing
temperatures. On the other hand, Mclntosh**® and Klieger®™ subjected
their specimens to different initial temperatures, and concluded that there was
no unique strength-maturity relation for a given concrete mix. The strength-
ma.turify relations were affected by the curing temperature. Thus, series doubts
arose concerning the general applicability of the maturity concept, and little
additional research was reported until the late 1960’s.

In 1967, Swenson®¥ reported on the use of maturity to estimate the
concrete strength in a failure investigation. In 1971, Chin*!® investigated
Plowman's maturity-strength relation with his own data, and proposed the

following hyperbolic strength-maturity relationship:

M

S=aM+b

(2.3)

11



where S is strength of concrete, M is maturity, and a and b are constants.
Again, he found that for a given concrete, different initial temperatures gave
different maturity-strength curves.

In the late 1970’s, Carino®!? concluded that it was the early age tem-
perature that influences the strength-maturity relationship, which confirmed
the previous observations. In 1985, experimental results performed at the
University of Sherbrooke?? indicated that the period of initial time is about
ten hours after casting.

In 1977, Freiesleben Hansen®* proposed using a single rate Arrhenius

type of chemical reaction relationship to model the cement hydration:
E
k — A —r— R

.‘ Awhere k is rate constant, E is the activation energy, R is gas constant, T is
absolute temperature, and A is a constant.

Since cement hydration is not a simple chemical reaction, it is very
difficult to predict the activation energy of a particular cement based upon
its chemical composition. Various values of activation energy, from 4 KJ/mol
to 65 KJ/mol, have been reported by Freiesleben Hansen®?, Bresson®”,
Gauthier®®, and so on. Nevertheless, other reﬁearchers, including Carino®®,
Bresson?®7, Cauthier®!® and Naik??, reported that Arrhenius function gives
a better S-M relationship than the Nurse-Saul function. Currently, the Arrhe-
nius function is widely accepted in Europe. ' '

In 1981, Carino®® investigated the basis of the maturity concept from
the fundamental assumptions to quantify the differences between the Nurse-

Saui function and the Arrhenius function.

2.3 Basis of the Maturity Concept

The fundamental assumption for the Nurse-Saul maturity function is

that the rate of strength develolgment is a linear function of temperature above
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the datum temperature. The datum temperature, in turn, is assumed to be
a constant value under all conditions. However, it is known that when the
temperature, especially the early age temperatures, are different, a unique
strength-maturity relationship is not obtained.

To arrive at an understanding of the above problem, the subject of
strength development under constant temperature was re-examined.

In 1956, Bernhardt®*® suggested the following differential equation to

describe the rate of relative strength development:

g_(_'S/S_“) = k(1 - S/Su)z (2.5)
dt
where
S: strength

S ultimate strength
k: rate constant, and

t: time

Soiving the differential equation by using the boundary condition § =0
when ¢ = {,, the following equation is obtained:

i — k(t _to)

S, 14k(t—1t,) (26)

The rate constant k is a function of temperature. Let us assume that k

is a linear function of temperature:
k=kn(T-To) < {2.7)

Substituting Eq. 2.7 into Eq. 2.6, we obtain:

S kn(T=To)(t—t) 238)
Su B 14+ km(T - TD)(t - to) -

Equation 2.8 can be simplified by introducing the Nurse-Saul maturity
function as following: ' )
M =(T-Ty)t (2.9)
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My = (T - To)t, (2.10)

where M, represents the maturity when strength development is assumed to

begin. Thus, Equation 2.8 becomes:

5 _ M — M) (2.11)
Su 14+ kn(M— M) -

Equation 2.11 indicates that the relative strength is a single value func-
tion of maturity beyond M,. Equations 2.7 to 2.11 state that the rate constant
of Nurse-Saul maturity function is  linear function of curing temperature.

How well does the above assumption fit the actual behavior? Figure2.1,
given by Carino®®, shows experimental values of the rate constant & for a mor-
tar cube subjected to different, but constant, curing temperature ranging from
5°C to 43°C. It can be observed that the rate constant is a non-linear function
of temperature. Thus, Eq. 2.11 can not accurately model the relative strength
development for all curing temperatures. The best approximation is obtained
by choosing the best-fit straight line to present the actual k-temperature data.
This meeans that different ranges of temperature give different datum tempera-
tures Tp. This explains why various datum temperatures have bet;an suggested
by different researchers. &

From Figure 2.1, one can also see that a straight line can not represent
a large difference of temperature, so the Nurse-Saul function can only be used
for a limited range of temperatures by choosing the best-fit value of T,. This
explains why some researchers found that the Nurse-Saul function gave very
poor correlation at low temperatures using the a value of T = —10°C.

As an alternative to the Nurse-Saul function, the Arrhenius function,‘
Ejgq. 2.4, presents an non-linear effect of curing temperature on the rate con-
stant. Since R is a constant, by choosing a proper value of E, one can get a

‘best-fit curve to model k-T relation. Therefore, the Arrhenius function gives
relatively better correlation between strength and maturity, and can be used
for a relatively wider range of curihg temperatures.

The real difference between the Nurse-Saul function and the Arrhenius
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function is that they use different ways to model the k-T relation. But what
does the k-T relation really imply?

From Eq. 26, it is clear that at a given time, the relative strength
is a single function of the rate constant k, which, in turn, is a function of
temperature. So, k is used to justify the weight of the temperature in the
combined influence of temperature-time on the hardening of concrete; or, in
the other word, to justify the weight of temperature in calculating maturity.
The only difference between the two functions is that they use different ways
to justify the weight of temperature in the maturity functions. From this
point of view, the maturity method can be further improved by choosing more
appropriate k-T functions to fit the actual data. Guo*% chose a parabolic
expression for k-T relation, and showed that the prediction results were closer
to his experimental data than those calculated from the Nurse-Saul or the

Arrhenius functions.

2.4 Modified Maturity Method

It is well-known that the hardening of concrete is the result of hydration of

portland cement. The hydration of cement is found to ocecur in four stages:

(1) Early period - a initial stage of rapid hydration (in which up
to 15% hydration takes place);
(2) Induction period - a very slow hydration stage (15% - 20%

hydration);

(3) Acceleratory period- a very fast hydration stage (20% - 30%
hydration); and

(4) Post-Acceleratory period - a final slow hydration stage (30% -
100% hydration).
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The first two stages last less than three hours, and the final slov Lydration
stage begins after 24 hours.

Tenoutasse and DeDonder?®® studied the kinetics of the hydration of
C3S during the first 24 hours, and found that a nucleation based relationship
derived by Avrami®*? gave a good fit with their experiments. The relationship

is expressed by:

In(1-a)= -kt (2.12)

where a is the degree of cement hydration, k is the rate constant, and t is the
hydration time.
The model assumes that the consumption of original crystallization nu-
“clei occurs slowly and that plate-like, rather than linear, growth occurs on
the surface. A model having the same mathematical form was derived by
Erofeyer®!® based on probabilistic arguments. The activation energy for nu-
cleation was found to be 34 KJ/mol.
Urzhenko and Usherov — Marshak?® studied the hydration kinetics
of C35 between 20°C and 80°C. The data was analyzed using a relationship

similar to that of Avrami®4:
In(l - a) = —kt" (2.13)

From linearizing plots, the value of n was found to average 2.5 for
3% < a < 13%. The activation energy for the nucleation process was found
to be 35 KJ/mol, which was simifar to the value found by Tenoutasse and
DeDonder*, For a >15%, hydration rates fell sharply and Equation2.13
was only able to fit the data when n was near unity. This value corresponded
to a diffusion-controlled model. |

A diffusion-controlled reaction stage was hypothesized to occur after the
surface of the C35 had become fully covered with hydrates. At this point,
the overall reaction rate was considered to decrease because the nucleation
crystallization growth re;ction no longer spread across the surface but grew

inwards into the particles. The activation energy for diffusion was found to be
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18 KJ/mol to 20 i{J /mol**¥**14239

Although cement hydration is more complicated because of the reactions
between S3A and gypsum, and interactions among the major constituents of
portland cement, it is found that hydration and heat liberation curves for
portland cement show the same general shape as those for C35. Therefore, the
above model can be used to predict hardening of portland cement. .

Assuming n = 1 in Equation2.13 and substituting it into Equation2.11,

we get:
_ —in(1-a)
T 1—in(1-<)

From Egquation2.14, it can be concluded that the Arrhenius maturity

S
5. (2.14)

function, from the fundamental point of view, is based on the following two
hypotheses:

1) For a given concrete mix, the relative strength at any time is a
function of its degree of hydration only.

2) The whole procedure of cement hydration follows the function
In(l — a) = —kt (2.15)
and has a single value of rate constant k.

It should be mentioned that, from the knowledge of chemistry, it is
known that in Equation2.4, neither A nor E is constant throughout the to-
tal process of the reaction; the values vary from one step to another, and
even change with hydration rate and temperature. The activation energy is
determined by plotting & vs. 1/T" curve from experimental data. Different ex-
periments will give different value of E because of the differences in the range
of age and temperature in the experiments. By using the following modified
Arrhenius function, a satisfactory result was fitted to the previous test data.

Egquation2.12 can be rewritten as:

In(l—-a)=—kt"= —-emp(—R—ET-)t" (2.16)
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Let us introduce equivalent age 5 at 20°C. In order to have the same

hydration rate,

E E -
- e:z:p(—j,_::z_'m Moo = —e:rp(—ﬁ)t" (2.17)
Therefore,
E 1 1
tag=t=* ezp(:R(ITm' - 5;)) (2.18)

The above expression shows that although for different hydration stages,
there are different values of n, a constant value of activation energy can be used
for each hydration stage in the maturity function, regardlessness of the value
of n,

to=tx* qxp(%(ﬁ - %)) (2.19)
Where E. = E/n, is the equivalent activation energy for a certain hydration
stage.

Therefore, the total equivalent time will be the summation of each stage.

As a simplification, the process of cement hardening can be considered
in two stages (within one day and after one day), according to the nucleation
and diﬁ’u§ion control respectively.

Frbni the experimental data, it is found that there is a linear relationship
similar to Eq. 2.2 between strength S and equivalent age ¢20. By assuming Eq.
2.2 and using statistical analysis, the activation energies for each step was
determined. These are 25 KJ/mol for first day and 16 KJ/mol after one day.
These values are very close to those proposed by other researchers®3%214239,
It must be mentioned that the activation energies obtained by this method as
well as by plotting k vs. 1/T, are called observed activation energies. Since
,thé Arrhenius function itself is an experimental expréssion, it is obvious that
using observed activation energy always gives more satisfactory results than a
mathematically derived E value.

Concrete strength ra.thér than relative strength, as proposed in Egq.2.5,
is used because there is no simple way to predict the ultimate strength S,. S, is
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dominated by water cement ratio, but is also significantly influenced by casting
and initial curing temperature, as well as admixtures involved. The reason
might be that these conditions influence the hydration speed, and therefore,
influence the micro-structure of the hydration products. A high temperature,
which gives a high rate of reaction, means that the newly formed products do
not have enough time to diffuse sufficiently far out from the point of reaction
which will prevent further reactions. In addition, the newly formed products
are concentrated in a zone close up against the cement particle, i.e., the cement
gel is less evenly distributed. That leads, in turn, to weaker zones with a
reduction in the strength as a consequence. It seems unlikely that increases in
the curing temperature after a certain period of time would prevent continued
reactions. Careful investigations have been made by Gardner®!® and Poon???,
The conclusion was that it was casting and initial curing temperature that

affects the long term strength. The same conclusion was made by By fors?®,

2.5 Comparison with Experiments

Since the modified Arrhenius function is based on observed activation
energy, various experimental data has been employed to determined the acti-
vation energy as well as to compare with the predicted strength values.

In order to derive reiationships between cylinder strength and split cylin-
der tensile strength and dynamic modulus of concrete at early ages, Gardner?®!?

‘made a large scale experimental investigation using ready mixed concretes
cured in water at different temperatures. Six different concretes were consid-
ered using respectively Type I cement, Type I cement with 25% replacement
by flyash, and Type I1I cement, at water cementious product ratios of 0.35 and
0.55. The specimens were cured in water at 0°C, 10°C, 20°C and 30°C. The"
mechanicai properties measured were compressive strength, tensile strength

and dynamic modulus at ages of 1, 3, 7, 14, 28, 56 and 112 days. Sufficient

samples were tested to enable both mean values and small sample standard

19



deviations to be calculated.

Gardner®!® also reported an experimental investigation into the strength
devclopment and durability of CSA Type 30 cement concretes, 50% CSA Type
30 cement /50% slag concretes, and 75% Type 30 cement/25% flyash concretes,
with nominal water/cement ratios of 0.35, 0.45 and 0.55, cast at 0°C and cured
in sea water at 0°C, and cast at 22°C and cured in 2 moist chamber respec-
tively. The mechanical properties measured were compressive strength and
tensile strength at ages of 3, 7, 14, 28 days, 3 months, 6 months and 12 months.

Early experiments by Sau?3® consisted of nine series of specimens, three
cast at 45°C, three cast at 16°C, and the remaining three cast at 0°C, using
Type 10 cement. Each three series of specimens were cast with water cement
ratios of 0.35, 0.45 and 0.55, respectively. To examine the significance of casting
and initial curing temperature on the concrete, some of the compression test
specimens were later removed to the other curing environments. The tests on
compressive strength, tensile strength, static and dynamic modulus of elasticity
were made on specimens cured at the :casting temperatures at ages of 3, 7, 14,
28, 90, 180 and 360 days after casting. For the cylindrical specimens cured at
temperatures different from casting temperatures, only compressive strengths

~were measured at ages of 7, 28, 90 and 360 days. A total of 666 concrete
cylinders and 18 concrete prisms were cast. 7 :

In addition to the experimental data mentioned above, data from Carino®1°
and Price?® were also used to verify the modified Arrhenius method.

From Figure 2.2 to Figure 2.19 one can see that by using the modified
Arrhenius function, there is an approximate unique and linear relationship be-
tween the cémpressive strength and equivalent age for a given concrete mix at
various curing temperatures. It is also shown that at equivalent ages, the max-
imum variations of compressive strength at different temperatures are basically
within 20%. )

Figures 2.11, 2.12, and 2.13 show that Type- 30/slag cement concretes

give very poor strength at low temperatures, especially when the water cement’
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ratios are greater than 0.45. It is recommended that these not be used at low
temperature conditions.

In order to be practically useful, the maturity method has to be accurate,
universal and simple. But because of the limitation of the available data, only
CSA Type 10, Type 20 and Type 30 cement concretes were studied here.

From Eq. 2.2, one can see that when maturity M increases infinitely,
there is no limit for strength S. On the other hand, although Eq. 2.11 gives
a reasonable format, the ultimate strengths, as mentioned previously in this
chapter, are influenced by so many factors that contractors can not simply
predict them by design specification and construction conditions. What they
do know is the standard 28-day compressive strength of the designed concrete
cured at 20°C. Therefore, the following formula can be used to present the
early age strength of concrete at various temperatures:

S _ _(tw)r
S;a/zo a-+ b(tpo)"

(2.20)

Where § is concrete strength, Syz is the design 28-day concrete strength
when cured at 20°C, t3 is the equivalent age at 20°C in days, and n, a and b
are constants.

By using regression analysis, a and b were determined to be 2.8 and 0.77
for Type 10 cement concrete, 3.5 and 0.71 for Type 20 cement concrete, and,
1.3 and 0.89 for Type 30 cement concrete, respectively; and n was calculated
to be 3/4 for Type 10, Type 20 and Type 30 cement concrete.

From Figure 2.20 and Figure 2.22, one can roughly see that the water
cement ratio does not affect the relation expressed by Eq. 2.20. To verify
that, the method of Analysis of Variance was used. The test null hypothesis
was that the mean values for different water cement ratios are equal, t.e.,
M = f2 == e The test results showed that on the significance level
- a = 0.05, there was no reason to reject the null hypothesis. Therefore, it is
believed that Equation 2.20 is not significantly affected by water cement ratios.

By using the same method, it was also found that curing temperature
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had no significant influence on the Equation 2.20 on the significance level a =
0.05.

To compare the results between the modified Arrhenius function and
the normal Arrhenius function, the data from Reference 2.17 was chosen as an
example. In Figure 2.23, Arrhenius function was used with E = 41K J/mol
proposed by Carino®1%; while in Figure 2.24, the Arrhenius function was used
with E = 18K J/mol, which was obtained by using least square method, con-
sidering the activation energy was unique through the whole hydration process.

.It can be nbserved that for the same data, Figure 2.4 gives the best represen-
tation, and the Figure 2.24 looks much better than Figure 2.23.

2.6 Discussion

The rate of gain of strength of different cements is affected by tempera-
ture, water cement ratio, type of cement, and curing regime. ACI committee
209%! proposed the following equation to represent the rate of strength gain

for concrete moist cured at 70°F,

i
fay = é(zs)(m) (221

Where, f() is the compressive strength at age ¢ days. a and b are coefficients,
with 4 and 0.85 for Type I { CSA Type 10 ) cement concrete, and 2.3 and 0.92
for Type III Cement ( CSA Type 30) cement concrete. |

According to ASTM Standard C917-80, American Type I cements have
such ratio of 28-day to 7T-day strength that 57% of them have a ratio of at least
1.32 and only 2% higher than 1.50. :

In Britain, when no specific data on the materials used are available,
-the 28-day strength may be assumed to be 1.5 times the 7-day strength of test
cubes, the British Code of Practice CP114 (1969) accepts a 7-day strength
equal to not less than 2/3 of the required 28-day strength. It was mentioned
that in a hot climate the early strength gain is high and the ratio of 28-day to
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7-day strength tends to be lower than in cooler weather.

In Germany, the relation between the 28-day strength f.os and the 7-day

strength f. - is assumed to lie between

feas =14f.-+1.0 (2.22)

and
feas =17f.2 459 (2.23)
f being expressed in MPa.

Hummel??? recommended ihe use of an approximately linear relation
between the strength and the logarithm of age within the range of 3 days to 2
months. Thus, if the strength is determined at 3 and 7 days, it is possible to
estimate the 28-day strength by extrapolation.

All the expressions mentioned appl;lw only to concrete made with or-
dinary Portland cement at a limited range of temperature. F ' many of the
other types of cement, for example, ASTM Type III cement, or for changes of
curing temperature, only experimental results can be used to predict the early
age strength.

By introducing the modified Arrhenius function and Equation 2.20, the
-early age strength for different types of cement can be predicted in all kinds of
conditions. Table 2.1 ;nd Ta.ble‘ 2.2 show the 7-day to 28-day relative strength
from proposed formula and codes.

Figure 2.25 shows the comparison of the modified maturity method with
the ACI expression given by Equation“2.21 for Type 10 cement concrete, and
Figure 2.26 shows the same comparison for Type 30 cement concrete. It can
be seen that the ACT éxpression gives satisfactory accuracy for the early age
strength prediction at the temperature of 70°F for both Type 10 and Type 30
(ASTM Type I and Type III) cement concretes. But the shortcoming is that

it can only be used for those particular conditions.
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2.7 Summary

1. Basically, maturity method gives a satisfactory representation of the
strength gain under isothermal curing conditions for concrete cast at the same
temperature.

2. The basis of the difference between Nurse-Saul maturity function and
Arrhenius function is that different ways are used to model the k-T relation.

3. The Nurse-Saul function uses a straight line with a best fit .

4. The Arrhenius function represents a non-linear effect of curing tem-
perature on the rate constant k by choosing an appropriate value of activation
energy E to get a best-fit curve to model the k-T relationship. Therefore, it
gives relatively better correlation between strength and maturity, and can be
used for a wider range of curing temperatures.

5. The maturity method can be further improved by choosing appro-
priate k-T functions to fit actual data.

6. The Arrhenius function can be modified by using different activation
energies on each hydra.tion stage to represent nucleation and diffusion con-
trolled reactions. The values of E can be found by usmg Multiple Regression
Analysis method from experimental data. i

7. The ultimate strength of concrete is affected by casting and initial
curing temperature, especially when the water cement ratio is high, which
indicates differences in the microstructure of the concrete. ‘

8. For practical purpose, relation between early strength to 28-day
strength ratio and equivalent age is giver by Eq. 2.20. The relation varies
with type of cement, but is independent of water cement ratio and curing

temperature.
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Temperature | 0°C 10°C 20°C 30°C 40°C
Type 10 0.57 0.63 070 0.75 0.79
Type 20 0.51 0.58 0.66 0.72 0.77
Type 30 0.73 0.78 0.84 0.87 0.90

Table 2.1: Calculated S7/S,5 values using modified maturity method

ACI ACI | British Code | German Code*
Typel Type III | Normal Mean
0.70 0.80 0.67 0.59

Assuming f; .3 = 35 MPa.

Table 2.2: S;/S,s values used in different countries
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Figure 2.20: Strength gain for CSA Type 10 cement
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Chapter 3

Mechanical ’roperties

3.1 Modulus of Elasticity

3.1.1 Introduction

Like many other structural materials, concrete is to a certain degree
elastic. A typical stress-strain diagram for a concrete specimen loaded and
unloaded is shown in Fig. 3.1. It can be seen that the term Young’s modulus
of elasticity can strictly be applied only to the straight part of the stress-strain
curve, or, when no straight portion is present, to the tangent to the curve at
the origin. It is called initial tangent modulus.

The increase in strain while the load, or a part of it, is acting is due to
creep of concrete. Since the instantaneous strain depends on the speed of load-
ing, it is difficult ‘to make the demarcation between elastic and creep strains.
For practical purposes, an arbitrary distinction is made: the deformation oc-
curring during load is considered elastic, and the subsequent increase in strain
is regarded as creep. The modulus of elasticity satisfying this requirement is

the secant modulus of Fig. 3.1. o
| The determination of the initial tangent modulus is not easy, but an
approximate value of the modulus can be obtained indirectly: the secant of

the stress-strain curve on unloading is often parallel to the initial tangent to
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the loading curve. Repeated loading and unloading reduces the subsequent
creep, so that the stress-strain curve on the third or fourth loading exhibits
only small curvatures; this method is prescribed in ASTM Standard and BS
1981. Since the stress is reduced not to zero, but to a small specified value,
the modulus is, strictly speaking, a chord modulus; but the value is very close
to the initial tangent modulus.

There is no standard method of determining the secant modulus. In
some laboratories, it is measured at stresses ranging from 3 to 14 MPa; in oth-
ers, at stresses representing 15, 25, 33 or 50 percent of the ultimate strength®e.

Because the secant modulus decreases with an increase in stress, the stress at
-which the modulus has been determined should always be stated.

Different methods for determining the modulus have been used in Eu-
rope and North America. In CEB-FIP Model Code 1990, the modulus of |
elasticity is defined as the slope of the stress-strain diagram at its origin, i.e.,
tangent modulus of elasticity; but in the ACI Code, the modulus of elastic-
ity is determined as the slope of the secant drawn from the origin to a point
corresponding to 0.45 f! on the stress-strain curve.

Since the early 20th century, civil engineers have considered that the
modulus of elasticity of concrete is uniquely related to its compressive strength.
This sort of thinking was justified in a classical paper written by Stanton®® in
1909. Test results of more than 10,000 standard 6 by 12 inch concrete cylinders,
showed that the modulus of elasticity had a general relation to the strength of
concrete for ages ranging from 7 days to 1 year. The relation was found to be
non-linear, although a linear relation was used at that time.

Until the early 60’s, a linear relation was proposed by ACI Committee
318 Building Code, |

| E. = 10004 ' (3.1)
Where, |
E.: modulus of elasticity, psi,

f!: compressive strength, psi.
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With the rapid expansion of the use of lightweight aggregate concrete in
the early 1960’s, Pauw®!” proposed an empirical formula for both normal and
lightweight structural concrete. By using statistical analysis, Pauw found that
modulus of elasticity was affected by the density and the compressive strength

of concrete.

E. = 33w /f1 (3.2)

where,

E.: stetic modulus of elasticity of concrete in psi,
w: air-dry density of concrete at time of test, pcf,

fom: mean compressive strength of concrete at time of test, psi.

~ Eq. 3.2 was adopted by the ACI and CSA building/bridge codes, and is
still being used in North America.
. For normal weight concrete, assuming the density of concrete w is 145
b/ ft3, Eq. 3.2 becomes:
s E, = 570004/ f! (3.3)

L

when E, is expressed in GPa and flin MPa, the equation is
E.=5.0yf. (3.4)

The approaches in Eurdpe are different. The modulus of elasticity of
concrete is regarded as proportional to the cube root of its strength. The CEB
expression is based on the specified characteristic cylinder strength (f/,) at 28
days:

B, = 9.5(f} +8)°® (3.5)

The additional term 8 is introduced to this expression in an attempt to com-
pensate for the difference between the specified characteristic strength and
actual mean strength of the concrete produced.

Before 1985, the British Code of Practice for Standard Use of Concrete
(CP110-72) tabulated the static modulus of elasticity E. in GPa for various
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values of cube strength f, in MPa. These can be related by the expression
E. = 9.1(f,)*® (3.6)

The current British Code BS 8110:1985%2 presents a linear equation for
normal weight concrete: |

Ec.gg =20 + 02f;u,28 (3.7)

where

E, 1z is the static modulus of elasticity at 28 days in GPa, f/, 4 is

cu

the characteristic cube strength at 28 days in MPa.

The modulus of elasticity of concrete at an age ¢ may be derived from

the following equation:

Ec,t = Ec.28(0-4 + 0'6f¢':u,t/féu.28) (3‘8)

when t > 3 days. .
Substituting Eq. 3.7 into Eq. 3.8, one gets

Eer =8+ 0.08f0, 08 +0.12f0 ¢ + 1.2 e/ feuss - (3.9)

Since f7, ,/ ft, 25 is & function of the age of the concrete, Eq. 3.9 indicates
that the modulus of elasticity is not only a function of its compressive strength,
but also a function of its age.

From the introduction one can see that there are two questions regard-
ing the modulus of elasticity of concrete: whether the relationship between
the modulus of elasticity of concrete is a unique function of its compressive
strength, or, the relation is time dependent; the other question is that for Eu-
ropean and American expressions, which one gives a better representation of
the modulus of elasticity. - ' | ‘

One aim of this study is to provide a better understanding of the above

two questions.
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3.1.2 Test Data

In searching the literature for data which would be useful in verifying the
relations between elastic modulus and compressive strength and modulus and
the age of concrete, several difficulties were encountered. The first difficulty
was the result of the lack of a standard test for measuring elastic modulus -
some investigators reported the initial tangent modulus, whereas others, used
the secant modulus at some given stress level. In some instances, the method
used to determine the static modulus was even not defined. It was also found
that in many cases the age of concrete at the time of test was not reported, and
therefore, such data could not be considered to verify the influence of conerete
age on the strength modulus relation.

In a few instances, cube specimens were tested; these reported data
were adjusted by applying the L'Hermite’s expression®!®

(] 4

e 076 + 0.210g,g T2
f:“ = (.76 + 0.-I0g1019.6 (3.10)

where both f! and f!, are in MPa.

The results of 62 tests were obtained from the work reported by Gardner
and Sau®*. For compressive strength three 150 mm x 300 mm cylinders were
tested each time according to ASTM standard. The static modulus values
reported were based on the initial tangent modulus accox'-ding to ASTM C187-
82 standard. The aggregates used were crushed limestone; cements used were
CSA Type 10 and Type 30 Portland cements. Material testing was carried
out following the guidelines recommended by ASTM and CSA standards. The
concrete ages at the time of testing rénged from 3 days to 1 year.

The results of 52 tests reported by Bennett and Collings®? were also
included. The concrate ages at the time of test ranged from 8 hours to 1 year.
At most ages, tests were made of twelve 4 in. cubes drawn from several bé.tches
and cured in water according to BS 1881. The standard deviatipn was about
1.7 N/mm? and did not vary significantly with strength or age. The modulus
of elasticitj obtained according to BS 1881 parts 13 and 14, using Eq 3.10 to-
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convert cube strengths into cylinder strengths.

The paper by Lew and Reichard®!® reported 26 tests from 1 day to
42 days. The concrete was supplied by a local ready-mixed concrete company.
The mix proportion per cubic yard of concrete were 517 Ib (235 Kg) Type I
cement; 1365 lb (619 Kg) silica sand; 1750 1b (794 Kg) crushed limestone; and
6 oz (170 g) air-entraining agent. Test cylinders of 6 x 12 in. were cast in
waxed cardboard molds. The values of moduli of elasticity were secant moduli
of elasticity obtained on the stress levels 0.4f!  from stress-strain curves of the
compressive test.

The results of 19 tests reported by Carrasquillo, Nilson and Slate34
were used. The concretes in three strength range were studied: high strength
with compressive strength ff,, of at least 62 MPa at 56 days, medium strength
with f, from 41 to 62 MPa, and normal strength with f/ from 21 to 41 MPa.
Two types of coarse aggregate were used: crushed limestone from a local quarry
and gravel from the same glacial alluvial deposit as the sand. The maximum

aggregate size was 19 mm in each case. ASTM Type I cement was used for all

‘mixes. Water-reducing admixture, ASTM C494-71 Type A, was used in the

high strength concrete. Tests were made using 4 x 8 in. cylinders. A factor
0.9 was used by the authors to convert the values of compressive strengths into
these of 6 x 12 in. cylinders, regardless of strength and test age. The test
ages were from 7 to 95 days. Stafic moduli were tested according to ASTM
standards. ‘ _

The results of 21 tests reported by Russell and Corley®?!, 18 tests
reported by Kaar, Hanson and Capell®!?, and 17 tests by Perenchio and
Klieger31® were also included. All of these tests were performed according
to the ASTM Standards. But unfortunately, no concrete age at the time of

testing was reported for these data.



3.1.3 Analysis of Data

It is assumed that the relationship between modulus of elasticity and

compressive strength can be represented by an empirical equation of the form

E. = a(fl,,) (3.11)

which has been used by most American and European codes, excluding BS
8110:1985.
The method of Least Square was used to determine the values of a and
b. Data used were obtained from the reports mentioned above. It should be
mentioned that because the qualities of the concretes tested by Stanton3®
were poor comparing with these of today’s, those data do not reflect today’s
concrete, so they were not used in this study. The results from computation
showed that
E. =5.81(f' )%= (3.12)

The correlation coefficient R=0.90, and integral absolute error IAE=9.4%.
The data used and curve given by Eq. 3.12 are shown in Fig. 3.2.

Eq. 3.12 was derived by assuming an empirical relation between E, and
fém- From Fig.3.2 one can see that the data from low strengths do not fit the

curve quite well. It is obvious that the data can be represented by two curves.
B. =3.0(f.,)"° when fI, <27 MPqa (3.13)

E. =9.0(f. )} when f_ > 27 MPa (3.14)

To check whether or not Eq. 3.12 was improved by Eq. 3.13 and Eq.3.14,
both correlation coefficient R and integral absolute error IAE were calculated.
The results showed that Eq.3.13 and Eg.3.14 gave a better representation of
the experimental data than Fgq.3.12 did',‘ because the value of R, which was
equal to 0.916, was larger than the value of that obtained from Eq.3.12, and
_ the value of TAE = 9.18%, is smaller than that obtained from Eq.3.13. The

comparison of the two curves can be seen from Fig.3.3.
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In order to verify whether the E, vs. f! relationship is affected by testing
time, i.e., whether E¢.3.13 and Eq.3.14 can be used regardless of concrete ages,
the method of Analysis of Variance was introduced. The data were classified
into five groups according to concrete ages less than 3 days, 3 to 6 days, 7 to
14 days, 15 to 30 days, and greater than 30 days, respectively. The test null
hypothesis was that the mean values of errors between observed and calculated
E. by Eq.3.13 and Eg.3.14 did not vary among each group. The test result
showed that on the significance level a = 0.05, there was no reason to reject
the null hypothesis. Therefore, it is believed that E. vs. f{ relation is not
significantly affected by concrete age at the time of tests. The data classified
by concrete ages are shown in Fig.3.4.

Similarly, the data were also classified by their 28-day strength to check
if the E, vs. f! relation was affected by different types of concretes. The data
are shown in F'ig.3.5. By using the same procedure, it was found that on the
significance level a = 0.05, there was no reason to reject the null hypothesis,
it was accepted that there was no significant difference among the five groups.

Fig.3.3 also shows that the data can be fitted better by using two
curves than by using only one empirical curve, and explains why different
expressions were developed by different groups. The reason might be that
American expression was derived from the data with relatively low compressive
strength concrete, ranging from 33 psi to 4700 psi:(0.22 MPa to 32.5 MPa),
including light weight concretes, so the power of 0.5 wﬁs obtained; whereas the
European expression was derived by using normal and high strength concretes,
so the power of 0.33, same as Eq.3.14, was dbtained. Therefore, for the mature |
concrete, the CEB expression gives a better representation than the ACI-CSA
expression.

According to the British Code BS 8110:1985, since the 28-day strength
is unlikely less than 20 MPa, Eq.3.7 gives a conservative, but reasonable rep-
resentation. Obviously, it can not be used at early ages. Fig. 3.6 shows a very

poor relationship between the relative E-modulus and the relative compressive

46



strength to their 28-day values.

3.1.4 Summary

1. The modulus of elasticity of concrete can be expressed by its com-

pressive strength

E.=3.0(f,)*° when fl. <27 MPa
E.=9.0(fL )/ when f! > 27 MPa

where f is the compressive strength of concrete at any age (in MPa), E. is its
modulus of elasticity in GPa.

2. For the normal weight concrete, the modulus of elasticity can be
uniquely obtained from the above equations, regardless the types of concrete
or their ages.

3. For mature concrete, British Code of Practice CP110 and the CEB
Code give better representations than i'.he ACI Code or the new British Code
BS 8110:1985. The ACI expression overestimates the modulus of elasticity
" for high strength concrete. BS 8110:1985 formula calculates a high value of
modulus of elasticity.

~ 4. None of the codes cited above are accurate enough to be used for
early-age concrete. Relatively speaking, American codes give better results for
early-age concrete than European codes do, but European codes have a better

representation for mature concrete than American codes.
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3.2 Tensile Strength

3.2.1 Introduction

Direct tension tests of concrete are seldom carried out, mainly because
the specimen holding devices introduce secondary stresses that can not be
ignored. The most commonly used tests for estimating the tensile strength of
concrete are the ASTM C496 split cylinder tension test and the ASTM C78
third-point flexural loading test.

In the split cylinder tension test a 6 x 12 in. concrete cylinder is sub-
jected to compression load along two axial lines which is diametrically opposite.
The load is applied continuously at a constant rate within the splitting ten-
sion stress range of 100 to 200 psi until the specimen fails. The compressive
force produces a transverse tensile stress which is uniform along the vertical

diameter. The splitting tensile strength is calculated from the formula

2P

Fiw =21 ' (3.25)

where fj,, is the splitting tensile strength, P is the maximum applied load in
the test, [ and d are length and diameter of specimen. Compared to direct
tension, the split cylinder test is known to overestimate the tensile strength
of concrete by 10 to 15 percent. In accordance with the operational method
recognized by RILEM, 0.90 of the splitting tensile strength is used as direct
tension strength.

In the third-point flexural test, a 6x6x12 in. concrete beam is loaded
at a rate of 125 to 175 psi/min. Flexural strength is expressed in term of the

modulus of rupture f,, wijgh is the maximum stress at rupture computed from

6M

fe= W (3.16)

where M is the moment, b and 4 are width and depth of specimen. The results

from the modulus of rupture test tend to overestimate the tensile strength of
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concrete by 50 to 100 percent, mainly because the flexural formula assumes &
linear stress-strain relationship in concrete throughout the cross section of the
beam. Additionally, in the direct tension test the entire volume of specimen
is under applied stress, whereas in the flexural test only a small volume of
concrete near the bottom of the specimen is subjected to high stresses.

Because of its accuracy and convenience, the split cylinder text lias been
introduced and standardized in many countries. ASTM and RILEM have also
issued a recommendation for the split cylinder test. In this paper, only splitting
tensile strength was studied.

It is known that the tensile and compressive strengths are closely related;
however, there is no direct proportionality. As the compressive strength of
concrete increases, the tensile strength also increases, but at a decreasing rate.

A number of empirical formulae connecting f! and f! have been sug-

gested, many of them of the type

fo = k(f)" (3.17)

where k and n are coefficients. Previous experiments indicate that n may vary
between 1/2 and 3/4. The former value is used by the ACI, but a value of 2/3
is used by CEB. '

ACI defines the modulus of rupture for use in calculating deflection as:
fl=0.62/f (3.18)

for stréngth calculations, the direct tension strength is calculated from:
| Ji =050/ f! (3.19)

CEB uses only the direct tension strength for calculating both deflection

and strength. The tensile strength is expressed as:
far = 0.30(f5)*° (3.20)

In both Eq. 3.19 and Eq. 3.20, f; is the characteristic tensile strength,

and f; is the characteristic compressive trength of cylinders.
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The objective of this study is to determine an appropriate formula
for the relationship between tensile and compressive strengths, and determine
whether or not, the formula can be used for early-age concrete, i.e., whether

or not the relationship is time independent.

3.2.2 Test Data

To determine the relationship between tensile and compressive strengths,
various data from several reports were used. In searching the data, some
difficulties were encountered. The main reason was the result of the different
methods used for tension tests; some researchers tested split cylinder strength,
and others did flexural tests or direct tension tests. Because the values obtained
from different tests vary significantly, these data could not be used together, so
in this study, only data from split cylinder tests were used. In some instance
the age of concrete at time of test was not reported, therefore, such data could
not be used to verify the influence of concrete age on the relationship between
ténsile and compressive strengths.

To determine the early-age strength development and the relationship
between the mechanical properties of concrete when cured in water at differ-
ent temperatures, a large scale experimental investigation was undertaken by
Gardner®. Six different concretes were considered using respectively Type I
cement, Type I cement with 25% replacement by flyash and Type III cement at
water cementious ratios of 0.35 and 0.55. The curing temperatures were 0°C,
10°C, 20°C and 30°C. The mechanical properties measured were compressive
strength,'split cylinder strength and dynamic modulus at ages of 1, 3, 7, 14, 28,
56 and 112 days. For the compressive and tensile strengths, sufficient samples
were tested to enable both mean values and small sample standard deviations

‘to be calculated. The compressive strength was taken as the average of five
cylinder strengths The split cylinder tensile strength was ta.ken as the a.verage
result of the ﬁve specimens. A total of 168 tests were reported.
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Gardner and Poon®!° described an experimental investigation of the
relationship between cylinder strength and split cylinder strength of concrete
made of Type I and Type III cement moist cured at 72°F for 1, 3 and T
days, and then under extended low temperatures of 55°F and 35°F. The
standard compressive strength test as described in ASTM C192 and C39 using
the standard 6x12 in. cylinders was used. The split cylinder tension test was
performed according to ASTM C496 standard. Tests were performed at the
ages of 1, 3, 7, 14, 28 days and 3 months. The results of 60 tests were reported.

The results of 26 tests by Lew and Reichard®? were also included. For
the compression and split cylinder tests, standard 6x12 in. cylinders were
cast in cardboard moulds. Type I cement: concrete was supplied by a local
ready-mixed concrete company. All specimen were cured int three temperature-
controlled curing chambers. The temperatures within chambers were 22.8°C,
12.8°C and 1.7°C. Three specimens from each curing regime were tested for
each type test at ages of 1, 2, 3, 4, 14, 21 and 28 days.

Walker and Bloem®?! reported 48 tests of compressive and splitting
tensive strength tested at 28 and 91 days. The cement was a blend of equal
amounts of five locally available brands, and four sizes of coarse aggregate
were used. Mixing, curing, handling and testing were carried out in strict
accordance with applicable ASTM test methods.

The results of 9 tests were obtained from the work reported by Price>?°.
according to ASTM standards. Unfortunately, no details such as concrete age
at the time of test was provided.

The results of 91 tests were also obtained from a report by Gardner?®,
The report described an experimental investigation into the strength devel-
opinent and durability of CSA Type 30 cement concretes, 50% CSA Type 30
- cement with 50% slag concretes, and 75% Type 30 cement with 25% flyash
concrete, cast at 0°C and cured at 0°C in sea-water relative to conventionally

cast and cured concretes. All concretes used air-entraining agents and had air

contents of between 4% and 6%. The nominal water/cement ratios were 0.35,
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0.45 and 0.55. The mechanical properties measured were compressive strength

and splitting tensile strength at ages of 3, 7, 14, 28 days, 3, 6 and 12 months.

3.2.3 Analysis of Data

Figure 3.7 shows graphically the relationship between tensile and com-
pressive strengths using the data reported by various authors. By using Least
Square Analysis, the coefficients k and n were determined to be 0.310 and 0.691.
The correlation coefficient B = (.964 and integral absolute error IAE=7.3%.
Therefore, Eq. 3.17 can be expressed as

Foap = 0.310( )0 (3.21)

where both f},, and f,, are in MPa.

In practice, Eq. 3.21 can be rewritten as:

fiop = 033(Sm)° (3.22)

In accordance with the RILEM recommendation, 0.90 of the splitting
tensile strength can be related as direct tension strength. Therefore, Eq.3.22
can be converted to Eq. 3.23, which is identical to the CEB formula, Eq. 3.20.

Ftm = 0.30(f1, )3 | (3.23)

It is obvious that the CEB formula Eq. 3.20 gives a better f; vs. fI_
relationship than the ACI formula Eq. 3.19.
| 'To investigate the effects of concrete age on the f;, vs. f relation, all
the data were classified into five groups, according to concrete ages of less than
2 days, from 2 to Grdays, from 7 to 17 days, from 15 to 30 days, and greater
than 30 days, respectively. B}-{ using: the method of Analysis of Variance, it
was found that the relationship was not affected by concrete age, as shown in

Fig. 3.8. Therefore, Eq. 3.23 can be used universally.
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3.2.4 Summary

1. The relationship between split cylinder tensile strength and compres-
sive strengths of concrete is essentially unchanged by its curing temperature,
cement replacement by slag or flyash, or concrete age.

2. The tensile strength formula f/ = 0.30(f')*3can be used in almost
any conditions.

3. The CEB Code gives a better representation for the relationship

between tensile and compressive strengths than the ACI Code does.

3.3 Discussion on Punching Shear

One of the common cause of failures of flat-plate structures during con-
struction is insufficient early-age punching shear capacity under relatively high
construction loads. When two-way slabs are supported directly by columns
as in flat slabs and flat plates, or when slabs carry concentrated loauls, as in
footings, shear near the column is of critical importance. h

Unlike beam-type shear which leads to diagonal tension failure, punch- |
ing shear failure surface extends from the bottom of the slab at the support
diagonally upwards to the top surface. The angle of the inclination with the
horizontal depends on the nature and amount of reinforcement in the slab.
Although many equations have been proposed since early 1950’s, the failure
mechanism is not fully understood.

Many researchers believe that punching failure is caused by the failure
of concrete in tension, as in the case of shear failure in beams. Therefore,
punching shear capacity proportional to ‘/E is proposed by the ACT-CSA code
because square root is used to ca.lculaté ‘the tensile strength. But in Europe,
the cubic root relation is widely accepted.

In 1990, Gardner®® reviewed the most popular recently used formulae
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with his experimental investigation as well as the data reported by Elstner and
Hognestad®®, Mowrer and Vanderbili*'®, Bazant and Cao®!, and Moe3!.
Gardner concluded that the punching shear capacity is proportional to the
cubic root of concrete strength and steel ratio, and found that ACI-CSA code
equations are too conservative. An equation similar to that of BS8110:1985

Code was proposed as follows:
v, = 0.99(pf!)/3(400/d)1/* (3.24)
where:

v, = shear strength in MPa;
d = effective slab depth in mm;
p = steel ratio; and

f! = cylinder strength in MPa.

In the same year, Grira>! continued Gardner’s investigation by adding

his newly-performed experimental data. An equation, whxch is similar to- uhat
proposed by Gardner, was derived by using statistical ana.lys:s

P, = 4.614.04(f!/d) P  (333)

where, P, is ultimate punching strength; p,-."f; and d have the same meaiiing

as those in Eq. 3.24; and A, is failure surface, determined by: C
A, =2.2n(c+2d)d (3.26)

where c is the équivalent diameter of the load area. For a ".juare column, ¢ is

et
N

equal to the side lﬂngth
Eq. 3.25 mchca.tes that punchmg skear strength is proportional to the

> cubic root of concrete strength, ?ad is affected by steel ratio. The curves given

by Grira aL%o showed\t.hat this relatxonshxp is basically not influenced.by the

concrete age. That means th;_tt. the relatmnshlp is time-independent.

From the discussion, tiie following conclusions were made:
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1. Punching shear capacity is proportional to the cubic root of concrete

strength and steel ratio.

2. ACI-CSA code equation for punching shear strength is too conser-

vative; B58110:1985 gives a reasonable representation.
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Chapter 4

Time Dependent Deformation

To consider the long-term response of a reinforced concrete structure
e ;ubjected to the early-age load, it is necessary to take account the time de-
ﬁg}_;c!ent effects of shrinkage and creep. Although shrinkage and creep have
been studied for decades, the roles are still not fully understood because of the
complexities.

) Shrinkage which takes place while the concrete is still in the plastic
state is known as plastic shrinkage. It undergoes a volumetric contraction
whose magnitude is of the order of one percent of the absolute volume of dry
cement*?#. Withdrawal of water from hardened concrete stored in unsaturated
air causes drying shrinkege. A large part of this contraction is irreversible
and should be distinguished from the reversible moisture movement caused by
alternating storage under wet and dry conditions.

Although creep is observed for all materials, the fundamental basis
for creep of concrete must be quite different from those of metals, because
significant vol@g changes occur at ambient temperatures and the presence of
moisture in the ﬁlateria.l plays an important role. It is commonly assumed that
creep and shrinkage are interrelated phenomena because there are a number of
similarities in that both are affected by the same phenomena. The strain-time

- curves are similar, experimental parameters affect creep in much the same way
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as shrinkage, the magnitudes of the strains are same, and include a considerabie
amount of irreversibility.

In addition, creep and shrinkage are not independent phenomena to
which the principle of superposition can be applied, and in fact the effect of
shrinkage on creep is to increase the magnitude of creep. However, because all
the data on creep were obtained on the assumption of the additive properties
of creep and shrinkage, the discussion will consider creep as the deformation in
excess of shrinkage. Therefore, the overall increase in strain of a stressed and
drying member is assumed to consist of shrinkage (equal to that of a similar
unstressed member) and of a change in strain due to creep. The creep is a
function of the ambient humidity while concrete is stressed. |

For this reason, shrinkage and creep have been studied individually, and
many formulae have been developed for the prediction of shrinkage and creep.
The most commonly used approaches are those of the ACI and the CEB. in
which the principle of superposition is applied.

The objective of this study is to examine the ACI and CEB methods
for prediction of shrinkege and creep, particularly with regard to early age
phenomena, and to modify the methods to fit the published data.

4.1 Shrinkage

4.1.1 Introduction

It is known that shrinkage of concrete is influenced by numerous fac-
tors, among which the most important are drying-out time, dimensions of the
structure, relative humidity and temperature of the environment, method and
period of curing, type and quantity of cement, quantity of water, type, quan-
tity and distribution of aggregate, and admixture used. Since it is impossible

to take all the factors into account, according to what factors should be consid-
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ered and how to take them into consideration, a number of shrinkage prediction
models have been developed during the last two decades. Among these the ones
proposed by ACI Committee 209 (1982), the 1978 CEB-FIP Model Code, and
the recently proposed CEB-FIP 1990 Model Code are discussed.

ACI 209-82
In 1982, ACI Committee 209%! proposed an empirical method to predict
shrinkage behavior. The shrinkage after 7 days curing for moist cured concrete

is given by:
t
35+1

similarly, shrinkage after 1 to 3 days curing for steam cured concrete is given

by:

Esht = €shu (41)

1
Esht = 55__H€shu (4.2)

where ¢ is the time in days after shrinkage is considered, that is, after the end
of the initial wet curing; €, is the shrinkage at time ¢, and ¢, is the ultimate
shrinkage :
€ahu = 780 X 10~%7,5 (4.3)
where, 7,5 represents the product of correcl:ioni factors for non-standard con-
ditions, of which ambient relative humidity, member minimum thickness, con-
crete consiétency, fine aggregate content, cement content and air content are

considered.

CEB-FIP Model Code 78
The major relationship between factors in CEB-FIP Model Code 1978%°
were originally presented in graphical form. Later, analytical expressions were
provided to meet the need for computer calculation. Shrinkage strain developed

at time ¢ is expressed by:

sh(t) = shyshq[S(t) — S(t,)] (4.4)



where:

t: age of concrete at time considered;

to: age of concrete from which the affect of shrinkage to be consid-
ered;

shy: ultimate shrinkage strain, depending on environmental rela-
tive humidity (RH);

shy: modification factor, depending on the volume to surface area
ratio (V/S) of the element and RH;

5(t): time function, with

(1) = (b \K'(ha) =
where;
K(h,) =11.8h, + 16 (4.6)
K'(h,) = exp(—0.0027h, + 0.32/h, + In(0.22h34)) (4.7)
ko = A2(V/S) (4.8)

The value of A depends on RH of the environment, from 1.0 (for RH =
- 40%) to 30.0 (for RH = 100%). '

CEB-FIP Model Code 80
The recently proposed CEB-FIP Model Code 1930*'° presented the
following model for shrinkage prediction:

€es = Ecaoﬂa(t - ta) ‘ (49)
where:

Ecso: Dotional shrinkage coefficient;
B,: coefficient to describe the development of shrinkage with time;
t: age of concrete in days; and

t,: age of concrete in days at the beginning of shrinkage.
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The notional shrinkage coefficient may be obtained from:

Eeso = Es(fcm ).BRH (410)

with
Es(fcm) = (250 + ﬁsc(TS - fcm))lo-e (4'11)

where:

fem is the compressive strength of concrete in N/mm? at the age
of 28 days;

B,c: coefficient which depends on type of cement, with

Bsc = 3 for normal or slowly hardening cement;

B = 5 for rapid hardening cement;

Bse = 9 for rapid hardening high strength cement;
and

Bay = —1.558,ry for 40% < RH < 99%
Bry = 0.25 for RH > 99%

where:

Burar =1~ (o2 (412)

where RH in %.

The development of shrinkage with time in given by:

_ — t - t, 0.5

where A, is notional size of member in mm, defined as:

ho = < N (4. 14)

u

where A, is the cross-section and u is the perimeter of the member in contact

with the atmosphere,
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Bazant & Panula

In addition to these code models. the model proposed by Bazant and
Panula*? in 1978 has obtained wide acceptance. This model differs from the
essentially empirical equations discussed so far in that it combines theory with
empiricism. The fundamental theory used in this model is that of diffusion,
which, according to the authors®®, is the governing physical model for the
drying process of concrete. The model includes detailed concrete composition
of mix parameters and a step-wise temperature effect in the estimation of
shrinkage. In 1982, ACI Committee 209 recommended the use of some of the
formulations in this model for special structures. In this model, shrinkage is
estimated from:

sh(t) = shoKay S(t, 1,) (4.15)

where;

Kpy: RH effect on shrinkage;

shy: ultimate shrinkage, with:

E(7 + 600)

sh, = shy B T A) (4.16)
380
=1210 « ——o— 17
shy = 1210 39071 T 1 (4.17)
' t
= E(28)(——— .
B(t) = E(8)( ;o pgsy) (418)
where:
shy: final shrinkage in 10~5;
A4: coefficient, see Eq. 4.20;
- Z: a factor depending on concrete mix (except cement content);
E(t): modulus of elasticity of concrete at age t.
The tiine function
| t—1%  os
S(trt:) = (—') ) (4'10)

A+t-t,
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where:

A= 1.06667(K,-g-)2/01(t,) (4.20)
Ci(t,) = C:K7(0.05 + (6.3/¢,)*%) (4.21)
C; = %(W/C)c —-12.0 (7€Cr < 21) (4.22)

T, (5000_ 5000 :
23°"P\a96 T 273+ T

KL = (4.23)

Where, K, is the shape factor, depending on the shape of the cross-section:

K, = 1.00 for an infinite slab;

K, = 1.15 for an infinite cylinder;
K, = 1.25 for an infinite prism;
K, =1.30 for a sphere;

K, = 1.55 for a cube; and

¢ = cement content in kg/rha;
W/C = water/cement ratio;

T = ambient temperature in °C.

Because the Bazant-Panula model is too complicated for engineers to
be of practical use, a simplified version, which ignores the temperature influ-
ence, effects of the increase of modulus of elasticity of concrete with time and
" modifications of W/C and cement content on time function, was developed by
the authors in 1980. The basic structure of the new model remained the same
‘as that proposed in 1978.

The shrinkage strain at' time { measured from the commencement of

drying is given by

1, +¢
~where kry depends on the relative humidity RH (in percent):

sh(t) = krpshy( t ) R (4.24)

krg =1-10"°RH® for RH <99 and (4.25)

kry = —0.2  for RH =100 | (4.26)
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The final shrinkage sh, is expressed as

sh, = (1300 - 970y)10~® (4.27)

where

y=(390:"* + 1) (4.28)
z= (1.25\/J+ 0.5(9/3)2(%—%)1/30.381\/]‘}(28) -12 >00 (4.29)

The cement ccutent ¢ is in kg/m?®; w/c is the water-cement ratio; afc
is the total aggregate-cement ratio; g/s is the gravel-sand ratio; and s/c is the
sand-cement ratio. All ratios are proportions by weight. Sand s is defined as
aggregate of less than 4.7 mm size (passing sieve No.4) and remaining aggregate
is considered as gravel, g. The 28 day cylinder strength f(28) is in MPa.

i, depends on the size shape of the member and is given by

ETRLA I
to= Ak g) g (4.30)

in which V/§ is the volume-surface ratio in mm and &, is a shape factor equal
to 1.0 for a slab, 1.15 for 2 long cylinder, 1.25 for a Flong square prism, 1.30
for a sphere, and 1.55 for a cube. The coefficient C,(¢,) is proportional to the
drying diffusivity at the commencement of drying and is given by

3;2 (4.31)

Cl(to) =244+

43 Factors Influencing Shrinkage

Shrinkage of concrete is affected by so many factors that it is impossible,
and also not necessary, to be taken into consideration. Therefore, studying
these individual influencing factors is essential to developing a shrinkage pre-

diction model.
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4.2.1 Curing Conditions

To discuss the influence of curing conditions on shrinkage, both the
length of period and temperature of curing are considered.

It is known that the shorter the period of curing, the greater 1s the
plastic shrinkage of concrete. Cracks of concrete members caused by plastic
shrinkage due to insufficient curing can be seen in many constructions, but
how does the length of the curing period affect the drying shrinkage (shrinkage
occurred after one or two days’ curing)?

To arrive an understanding of the effect of curing on shrinkage, Kasai
and Yokoyama®!? tested specimens with curing periods of 3, 5, 8 and 24 hours
~ respectively. The results showed that although the total shrinkage was affected
‘- by: curing period, the long term shrinkagé-time curves obtained by placing the
age of one day as an origin are nearly identical. This means that curing period
dees not influence drying shrinkage as long as the specimens have the same
values of ma.turiiy. The reason might be that after one day’s hydration, a
matrix of cement gel has formed, and the movement of cement gel particles in
concrete accompanied with decreasing water by evaporation no longer occurs.
The long term shrinkage will be generated by the drying of capillary water
in the cement gel. So the drying shrinkage cured for one day takes the same
value as that Gared for a shorter period such as 3, 5, and 8 hours because they
all have approximately some stréngth after one day, in spite of more capill_m'y
water being contained in the concrete cured for one day than that in the others.

Another reason is that as far as neat cement paste is concerned, the
greater the‘\iqua.ptity of h&ﬁikﬁgg cement, the smaller is the volume of unhy-
drated cemef;? grains which res’rfram the shrinkage: thus prolonged curing leads
to great‘er shrinkage"‘ﬁ, but the paste becomes stronger with time and is able to
restfain a larger fraction of its shrinkage tendency without cracking. However,
if cracking takes place, e.g., around aggregate particles, the overall shrinkage
~»measured on a concrete specimen apparently decreases. It was explained by

Neville®'® that well-cured concrete shrinks more rapidly and therefore the re-
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lief of shvinkage stresses by creep is smaller; also. the concrete. being stronger,
has an inherent low creep capacity. These factors may outweigh the higher
tensile strength of well-cured concrete. and may lead to cracks. In view of
this explanation it is understandable that the length of curing period is not an
important factor in drying shrinkage.

The effect of curing temperature on shrinkage is also a complex phe-
nomena.

With the increase of temperature, the weight loss of concrete becomes
greater, but the case for shrinkage affected by temperature is not so simple.

Specimens cured at different temperatures and the same relative hu-
midity were tested by Kasei and Yokoyama*'®. They found that shrinkage
increased with increased curing temperature from a very early age (about 5 to
10 hours, depending on the temperature), but after that the rate of shrinlage
decreased with the increase of temperature.

For high temperature curing, the hydration rate becomes rapid, the high
strength of the gel matrix is able to restrain a large fraction of its shrinkage
tendency. On the other hand, at very early ages, high temperature increases the
amount of water loss which develops the plastic shrinkage. Then?lfore, it is not
surprising that contradictory results on the effects of curing temperature have
been observed. In general temperature effects the concrete maturity before
drying shrinkage begins, and a strong concrete decreases drying shrinkage. On
the other ha.nd, a higher temperature after curing increases the process of
water diffusion, and therefore, the concrete shrinks faster than in the lower

temperature.

e e

'4.2.2 Relative Humidity

Although it is found that the magnitude of the ultimate shrinkage is
largely independent of the rate of drying, the relative humidity of the medium
surrounding the concrete greatly affects the magnitude of shrinkage.
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RH (%) 40 {50 |60 [70 [s0 |90 |100
ACI 82 1.00 { 0.90 [ 0.80 | 0.70 | 0.60 | 0.30 | 0
CEB 78 1.00 | 0.89 | 0.77 { 0.62 ] 0.48 | 0.25 | -0.19
CEB 90 1.00 | 0.93 | 0.84 ] 0.70 | 0.52 | 0.20 | -0.17
BP 78 1.00 | 0.93 | 0.84 | 0.70 | 0.52 | 0.28 | -0.17
AS 88 1.00 | 0.83 | 0.67 { 0.50 | 0.33 | 0.17 | 0
PROPOSED | 1.00 | 0.96 | 0.89 | 0.78 { 0.61 [ 0.35 | 0

Table 4.1: Relative effect of R on long-term shrinkage =~ """ """

1t is observed that concrete placed in dry air shrinks, but it swells in
water or air with a relative humidity of 100 percent. This would indicate that
the vapour pressure within the cement paste is always less than the saturated
vapour pressure, and it is logical to expect that there is a certain humidity
level at which thekpaste would be in hydral equilibrium. In fact, Lorman*1®
found this humidity to be 94 percent.

To consider the effect of ambient relative humidity on the final shrinkage,

ACI Committee 209 (1982) proposed the following shrinkage correction factors .

for relative humidity greater than 40 percent:

72 =140-0.0100 for 40 < A < 80
¥y = 3.0U — 0.030) for 80 < A 5 100

where, A is percent relative humidity. For an ambient relative humidity lower
than 40 percent, value higher than 1.0 shall be used for ¥,.

The relative effects of relative humidity on fiual shrinkage are listed in
Table 4.1, with the final shrinkage at RH = 40% as the reference.

For CEB 78, CEB 90, and Bazant and Panula models, although the pro-
cedures and prediction results are very different from that of the ACI model,
the variation of ult';imate shrinkage with relative humidify in the different mod-
els is almost constant, with the exception that the ACI 82 model fails to predict
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swelling of concrete in a relative humidity of 100 percent.

4.2.3 Concrete Composition

In practice, moisture movement in hydrated cement paste, which es-
sentially controls the drying shrinkage, is influenced by numerous simultane-
ously interacting factors, they are impossible to be studied individually, The
main source of moisture-related deformation in concrete is the hydrated ce-
ment paste. Therefore, many attempts have been made to obtain expressions
relating the drying shrinkage to volume fraction of hydrated cement paste in
concrete.

Most theoretical expressions for predicting the drving shrinkage assume
that the elastic modulus of concrete can provide an adequate measure of the
~ degree of restraint against deformation. From the study in Chapter 3 it is
known that the modulus of elasticity of concrete can be uniquely related to its
compressive strength. Therefore, all the factors relating to concrete composi-
tion, can be expressed by the developed strength.

From this point of view, it is understandable that water or air content
of cement affects shrinkage in so far as it reduces the strength of concrete. The
fineness or chemical composition of cement is believed not to affect final shrink-
age because it does not affect the strength if the maturity at which shrinkage
begins is unchanged. This was demonstrated experimentally by Pickett**,

Lightweight aggregate usually leads to higher shrinkage, largely be-
- cause the aggregate, having a lower modulus of elasticity, reduces the concrete
strength, therefore, offers less restraint to.the potential shrinkage of the cement
paste. i ’

The grading, maximum size and shape of aggregate have also been sug-
gested as factors influencing the drying shrinkage, this is because these factors

affect the modulus of elasticity and the strength of concrete.
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4.2.4 Geometry of Concrete Member

Because of resistance to water movement from the interior of concrete to
the atmosphere, the rate of water loss is obviously controlled by the length of
the path of traveled water, which is expelled during shrinkage. At a constant
RH, both the size and the shape of a concrete element determine the magnitude
of drying shrinkage. It is convenient to express the size and shape parameters
by a single quantity expressed in term of volume to surface area ratio. Because
shrinkage is mainly caused by the diffusion of capillary water in cement gel,
for the section with. the same volume to surface ratio, the shrinkage will be
affected slightly by the longitudinal dimension and the section shape.

1t is believed that the increase in the dimensions of concrete elements
can only delay the process of drying shrinkage, it cannot, however, reduce the
ultimate shrinkage, although it is possible that, like size effect on strength, :
size might affect the ultimate shrinkage slightly. Because there is no enough
information on the size effect on the ultimate shrinkage, it is assumed only to

affect the shrinkage-tiine relationship.

4.2.5 Time

Diffusion of the adsorbed water and the water held by gel pores (under
50 nm) of hydrated cement paste to large capillary voids within the system
or the atmosphere is a tnne-dependent process which takes place over a long
period: some movement has been observed even after 28 years*?®, but a part
of the long term shrinkage may be due to carbonation. The rate of shrinkage
decreé.ses rapidly with time*!®, typically:

14 to 34 percent of the 20 year shrinkage occurs in 2 weeks;
40 to 80 percent of the 20 year shrinkage occurs in 3 months; and
66 to 85 percent of the 20 year shrinkage occurs in 1 years.

=1
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An increase in the dimensions of concrete members is expected to slow
down the relative rate of moisture flow from the interior to the outer surface
of concrete. A= increase in RH also slightly affects the relatjve shrinkage
development because it also reduces the diffusion rate.

Traditionally. it is believed that there is an ultimate value for shrink-
age within a limited time. However, review of Troxell's data**® shows that

shrinkage does not reach an ultimate limit, but is proportional to (Int)}f3,

4.3 Shrinkage Prediction

From the discussion of the previous section it can be seen that shrinkage
is influenced by numerous factors. For practical purpose, only RH, concrete
relative strength when shrinkage begins, the 28-day concrete strength, time,
and volume to surface area ratio are to be considered.

Shrinkage is predicted by the final shrinkage and time function. The final
shrinkage is a function of time, RH, relative strength when shrinkage begins,
and the 28-day strength of concrete member; the time function is affected by
the geometry of concrete member. Since the final shrinkage itself is a function
of time, the meaning of the proposed time function is different from the other

time function.

4.3.1 Final Shrinkage

Final shrinkage has always been important for researchers and engineers
who study the long-term deformation of concrete structures. Unfortunately,
there are very few experimental data reported on very long term shrinkage. As
~ discussed previously, shrinkagé takes place even after 28 years, so there is no
limit for final shrinkage.

Since very limited data are available, it is difficult to propose any model
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taking consideration all the affecting factors. Only the most important factors
such as relative humidity and concrete strength were considered. By the use

of computer optimization, the formula expressed as following was obtained.
ean(ty) = euBruin'P(t; ~ t,) (4.32)
with
£, = (650 — 5.3K f(t,)) x 107° (4.33)
where:

f(t,) is the ¢, day (when shrinkage begins) concrete strength in
MPa;

K =1 for Type 10 cement concrete;

K = 0.5 for Type 30 cement concrete; and

Bry =1.0- (% ‘¢, (RH in %).

Table 4.2 shows a comp_ _ison of the calculated final shrinkage by
different models with the published data. The error coefficient E was defined
by Eq.4.34, and the final shrinkage values were obtained from the different
reports. Because the strength tested by Brooks'® was based on 76 x 152
mm cylinders, a factor of 0.9 was used to account the size affect. One can |
see that the ACI model underestimates ultimate shrinkage in most cases, with
E = 7.2%; CEB 78 model pays too much attention to the age at which concrete
begins to shrink, but fails to pay any attention to concrete properties, with
E = 5.1%. The recently proposed CEB 90 model first introduces the concrete
strength as a measurement of concrete properties, but does not consider the
concrete strength when shrinkage begins, so the result is not satisfactory, with
E = 9.9%; The error coefficient of the proposed model is 3.7%.

It is clear that besides environmental conditions, it is concrete proper-
ties, which can be expressed by the 28-day strength, and its maturity when
shrinkage begins that play most important roles on the final shrinkage. It
should be mentioned that there is no enough informationr to get the predicted

values from BP model, so there is no comparison with BP model.
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The error coefficient was defined as:

E = 1__\/:(‘:: - C')'.!
c

n

(4.34)

where:

¢: mean value of observed shrinkage:
¢;: estimated value of shrinkage
ci: observed value of shrinkage; and

n: number of observation.

4.3.2 Time Function

The shape of time development function for concrete shrinkage is par-
ticularly important for extrapolation of short time shrinkage test data, which,
if properly used, can greatly reduce predicticn error. The time function is alsn
important when shrinkage strains developed in different periods of time are
required, such as when the finite element method is used.

A hyperbolic function is commonly used to describe the time develop-

ment of shrinkage:

(t—1t,)"
f + (t - tO)n
For ACI 82 model, n = 1, f = 35 for moist cured concrete and f=556

S(t,t,) = (4.35;

for steam cured concrete. Since the effect of size is not considered, it is not
surprising to see that it does not fit the experimental data well (Fig.4.1)..
~ For CEB 78 model, both n and f are functions of V/S and RH.

For CEB 90 model, n = 0.5 and f= 0.14(V/ .5'3‘2..” The function is COI;I-
pared with experimental data in Fig. 4.2. It can be seen that by considering
the V /S effect, the time function of CEB 90 gives a much better representation
“than that of ACI 82, but it seems can be further improved.

" Because there is no ultimate shrinkage for the proposed shrinkage pre-

diction formula, the definition of the time function is different. Shrinkage at
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Tested by | fom [ Type ! t, [ ¢ RH | Tested | ACI 82 | CEB 78 | CEB 90 | Prop'd
Trorell*?® | 17.2 | 10 28 [ 8400 [ 50 [ 1131 477 295 411 1083
Trozell®* [ 172110 28 | 7300 | 70 | 830 371 405 309 873
Hansen*! [ 41 |30 8 |1100 |50 |950 667 820 570 379
Bazant*' 322110 7 11000 {65 |870 585 827 422 812
Bryant'® | 50.1| 10 8 | 1943 (60 | 736 602 816 395 753
Brooks'® |[20.8]30 14 | 3650 | 60 | 970 593 743 633 1045
Brooks®> |32.9|30 14 | 3650 | 60 | 933 593 743 560 990
Brooks*> |34.8 |30 14 { 3650 | 60 | 756 593 743 548 981
Brooks*> |39.1130 14 | 3650 [ 60 | 756 593 743 522 962
Brooks*® {21530 14 | 3650 | 60 {1270 | 593 743 629 1042
Brooks*® 204130 14 | 3650 | 60 | 990 593 (3 581 1006
Brooks's | 31.8 |30 14 | 3650 | 60 | 870 593 743 566 995
Brooks*s | 38.9 | 30 14 | 3650 | 60 | 750 593 743 523 963
Keeton'1 | 45.2 | 30 897 (20 |1100 {889 875 613 1017
Keeton** | 45.2 | 30 8 [365 |20 |1205 | 1123 940 614 996
Keeton'1 | 45230 365 |20 |[1070 | 889 875 613 959
Keeton** | 45.2 130 24365 |20 {980 632 638 541 932
Keeton*4 {452 | 30 8 |897 [20 1015 {1123 940 614 993
Keeton!* | 45.2 | 30 8 |897 |50 |1055 |667 820 541 955
Keeton*14- 45.2 | 30 365 |50 |1120 |842 881 541 935
Keeton'! [45.2 130 8 [365 |50 |1010 |667 820 541 900
Keetond!4 | 45.2 | 30 24 1365 |50 |935 632 638 541 875
Keeton*4 | 45.2 | 30 8 [897 |50 |965 667 820 541 932
Keeton*™ 1452 [30. |8 {897 |75 |77 4382 813 1358 696

Table 4.2: Calculated final shrinkage by different models.(x10-¢).
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any time ¢ can be calculated from:
£anlt) = £, 3puIn' 3t = 1,)S(1.1,) (4.36)
For long term shrinkage (t = tr). S(t.t,) =1,
Eshlty) = £, 3ppin'f(t; — t,) (4.37)

By comparing Eq. 4.36 with Eq. 4.37, one gets:

_ea{t) In(ty = t,)
S(t.te) = Ean(t f)( In(t ~ t,)

To obtain the best fit time function with the experimental data, based

/3 (4.38)

on the theory of diffusion, it was assumed that

f=AaV/sy (4.39)

where A is a constant to be determined.

Since there are only two variables 4 and n in Eq.4.35, for a given value
A, the best-fit value of n with the experimental data can be easily determined
using the error coe_fﬁciént E as the criterion of goodness. When value of 4
changes, the result of n value and E value will change with A. The best-fit
value of 4 and n occur at the point where E has the minimum value. By using
computer optimization, it was found that the time function fits the data best
when A =0.02andn=1.0. _

The comparison of the Bést-ﬁt time function with ‘experimental data is
shown in Fig.4.3.

From Eq. 4.38 one can find that if the short-term shrinkage at time
t is known, the long-term shrinkage €,,(?;) can be calculated regardless the

concrete properties.

4.3.3 Proposed Method
Shrinkage at any time ¢, starts from fo, can be calculated by:
Eah(t) = €aﬁRHInII3(t - to)S(t: to) (440)
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where S(¢,¢,) is time development function, expressed as:

(t - 1Ito)
S(t,t,) = — 4,
) = ST+ (1=t (241
&, is a coefficient concerning concrete property, calculated from:
€s = (650 — 3.5K f.(t,)) x 107® (4.42)

where:

f(to) is the ¢, day \when shrinkage begins) concrete strength in
MPa;

K =1 for Type 10 cement concrete;

K = 0.5 for Type 30 cement concrete; and

Bru = 10— (EE)', (RH in %).

The comparison of the proposed shrinkage prediction model with the
published experimental data is shown in Fig. 4.4 to Fig. 4.9.

4‘;I4 Creep

4.4.1 , Introduction

The relation between stress and strain for concrete is a function of time:
the gradual increase in strain with time under loading is due to creep. Creep
can then be defined as the increase in strain under a sustained stress. Since
this increase can be several times larger than the strain on loading, creep is of
considerable importance in structural design and analysis.

Usually, total creep is classified into basic creep and drying creep. Basic
creep is defined as the increase in strain under sustained load without diffusion
of water - ie, the creep occurring at a relative humidity of 100%. Consequently,
basic creep has no size dependency. Drying creep is defined as the creep in

addition to the basic creep due to the diffusion of water under the sustained
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stress. Obviously, drving creep depends upon the relative humidity and the
member size.

The phenomenon of creep is extremely complicated. Many theories have
been proposed to describe the mechanism of creep in concrete?!®. However, no
single theory accounts for all the observed phenomena. It is generally agreed

that creep is attributable. in varying degrees, to a number of mechanisms,

including:

(a) Sliding of the colloidal sheets in the cement gel between the
layers of absorbed water (viscous flow);

(b) The expulsion and decomposition of the interlayer water within
the cement gel (seepage);

(c) Elastic deformation of the aggregate and gel crystals as viscous
flow and seepage occur within the cement gel (delayed elasticity);
and

(d) Local fracture within the cement gel involving the breakdown

(and formation) of physical bonds (microcracking).

The magnitude of creep and its rate of development are influenced by
many factors. Some are properties of the concrete mix, while others depends
on the environriental and loading conditions. The major influencing factors

are.

- relative strength when loaded
- sustained loading time

- concrete composition

- moisture state

- temperature

Basically the factors influencing sl."finkage will influence creep in the
same way, but the curing history of concrete, temperature of exposure, and
the magnitude of applied stress are known to affect creep more than shrinkage;

probably because of agreater influence of these factors on the transition-zone
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characteristics. An increase in concrete strength causes a decrease in creep;
higher streng,ih, better quality concrete creeps less. Creep also depends on the
water-cement ratio, cement type, aggregate type and size as these influence
concrete strength. Depending on the curing history of a concrete member,
creep strains in practice may be significantly different from those in a labora-
tory test carried out at a constant humidity. For instance, drying cycles can
increase microcracking in the transition zone and thus increase creep.

The temperature to which concrete is exposed can have two counter-
acting effectors on creep. If a concrete member is exposed to a higher than
normal temperature during the curing process before it is loaded, the strength
will increase and the creep strain will be less than that of a corresponding
concrete stored at a lower temperature. On the other hand, exposure to high
temperature during the period under load can increase creep. Neville*!? found
that iz a range 70 to 160 °F', the 350-day creep increased approximately 3.5
times with temperature.

Numerous experiments on hardened concrete reported by Neville®1?
show that creep is approximately proportional to the stress for stress levels up
to 40% of the strength at the time of loading. This means that creep defor-
mation can be superpositioned because the actual stresses in a conventionally
designed structural member is unlikely to exceed this value.

 Another important investigation, in which the loading age varied from
0.5 torabout 5000 days, was carried out by RILEM Committee 42  CEA®,
The comparison was made by dividiﬁg the creep deformation obtained for
different loading ages by the creep deformation obtained at an age of 28 days.
The result showed a significant dependency on loading age, particularly at an |
early age. There was a considerable spread at early ages, mainly caused by the
fact that the differences in degree of hydration are more marked at an early
age. : .:'"—'::\

A large number of empirical equations have been ‘devel;aped for the

prediction of creep in concrete. Under various conditions of loading and drying,

80



these methods may range from simple equations to quite complex relationships
that require a computer for their analysis. There is considerable disagrecment
concerning the different mathematical approaches to creep prediction because
of differences in the choice of function used to represent different aspects of
creep. Among those, the approaches proposed by ACI, CSB and Bazant and

Panula*? are most commonly used models.

ACI Committee 209-82
For a loading age of 7 days and moist-cured concrete, the creep coeffi-

cient ¢(t) at time ¢ can be estimated from

_ (t — to)O.G
#lt) = 10 + (2 — ¢,)08

Pu (4.43)
where:

i, is the age of concrete at time of load in days; and

#u is the value of the ultimate creep coefficient.

Like shrinkage, the problem lies in selecting a suitable value for ¢,. ACI
Committee 209 recommends an average value of 2.35 if experimental data are
not available for an estimation of ¢, in the standard condition. Correction
factors can be used to adjust for different conditions: relative humidity and
age at loading: .

Kpy =127-00067RH - (4.44)

where RH is the relative humidity in %, and
K, = 1.25¢;0118 (4.45)

Under sustained st.ess, the strain increase with time due to creep and
the total strain - instantaneous plus creep - a\t time ¢ (> t,), can be calculated
from \'~‘ '

)= 28+ o). (4.46)

where o.(f,) is the concrete stress and E.(t,) is . the modulus of elasticity of

concrete at age ¢,, the time of application of the stress.
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CEB-FIP 1978
In Europe the creep coefficient has a different mcaning from that em-
ployed in North American. The total strain at time ¢, instant aneous plus creep,

due to a constant stress o.(2,) introduced at time t, is calculated as:

oc(ts) . Edt,) . -
Ec(fo)(1+ EC(.?S)O{t't")) (4.47)

eAt) =

where E(t,) and E,(28) are the moduli of elasticity at ages of ¢, and 28 days;
#(2,2,) is creep coefficient.

Creep depends upon the age at loading ¢, and the length of the period
i, to t when the value of creep is considered. When the ambient temperature is
different from 20 °C, or when special cement is used, the actual ages to be used
in the creep equation must be adjusted by the Nurse-Saul maturity function.

The adjusted age is given by:
t, ort = % D (T + 10)At;) (4.48)

where T; is the average daily temperature in °C; At; is the number of days
during which the average daily temperature is T;. The coefficient o, depends

on the type of cement:

a. = 1 for normal or slow hardening cement;
a. = 2 for rapid hardening cement; and

. = 3 for rapid hardening high-strength cement.
Creep depends upon a notional thickness of the element, defined by:
h, = A%A‘- (4.49)

where A is a coefficient depending on the ambient relative humidity; A, and
u are the area of concrete cross section of the element and the length of its
perimeter in contact with the atmosphere.

The creep coefficient ¢(2,1,) is given by:

(2,10} = (Ba(to) + 0.4Ba(t, to) + ¢5(Br(2) = By(to)) (4.50)
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where:

fe(to)

Balt,) = 0.8(1 — m) (4.51)
Ba(t —t,) = 1 — exp(~0.02(t — t,)) (4.52)
Bs(t) = (ﬁf"ff)” 3 (4.53)

where #; is a period of time in days depending on the effective thickness h,.

¢r =002 (4.54)

where ¢;, and ¢y, are dimensionless coefficients which respectively depend on

the ambient relative humidity RH and effective thickness k.
1
$n = 5(0.00021253 —0.043RH? + 2.5TRH) - 2.2 (4.55)

$12 = 1.12(1 + exp(—0.44A%%)) (4.56)

CEB-FIP 1990
The recently proposed creep prediction model in CEB-FIP Model Code
1990 is similar to the 1978 model, but is significantly simplified. The creep
coefficient, which has the same meaning as that in CEB 78, may be calculated

from:
. é(t! to) = qsoﬂc(t - tO) (4'57)

where;

@o: notional creep coefficient (Eq. 4.59)
B:: coefficient to describe the development of creep with time after
loading (Eq. 4.63)

The age of concrete at loading ¢, should be adjusted by Arrhenius

function:
4000

t, = e

2epl~gray T(AL)

where T(At;) is temperature in °C during the time period At;.
g

—18.7)A; (4.58)
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The notional creep coefficient may be estimated from:

éo = éRH.S(fr:?n).B(to) (4'59)
with

1— RH/100
0.08h3"3
B(fem) = 23 (4.61)
cm 3 + \/-f: .

1
B(t.) = m (4.62)

Sre =1+ (4.60)

where RH, fon and h, have the same meaning with those in CEB 78.

Tke time development function of creep is given by:

t-1,
ﬁc(t - to) = (m)o‘s (4.63)
with
RH o
Bu = 1.5(1+0.00012(=5)"*)ho + 250 < 1500mm (4.64)

Bazant and Panula

Creep is separated into basic creep and drying creep components. It is
pointed out that experimental measurements for basic creep normally increase
at a constant or increasing slope in long-term for the duration of the test. There
is no experimental justification for the assumption that basic creep approaches
a final limiting value. Accordingly, a double power law with no limiting value
is used to model basic creep.

Because of the difficulty in separating instantaneous and creep strains
during loading, the basic creep function @,(¢,7) (which is the instantaneocus
strain plus creep strain at time ¢ caused by a sustained unit stress first applied

at age 7) is expressed as
1
By(t,7) = -E_'(l + dnolt, 7)) (4.65)

The modulus E, is much higher than the actual elastic modulus and is

termed the asymptotic modulus. E, is the left-hand asymptote of the creep
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versus log-time curve for short duration loading. For load duration t — 7 > 1

day:
1
T = (0.0145 + 3.447/(f.(28))*) x 10~ (M Pa)™! (4.66)
The basic creep coefficient is expressed as

Bt T) = 1 ("™ +0.05)(t — )" (4.67)

where
$1 = 0.30 + 152.2(f.(28))~12 (4.68)
m = 0.28 + 47.541(f.(28))? (4.69)
n = 0.115 + 0.61(f.(28))° x 10°¢ - (4.70)

The basic creep coefficient ¢;(¢,7) used with the elastic modulus E.(7)
is therefore
$(t, 7) = Ec(r)y(t,7) - 1 (4.71)

The total creep function ®(2,7), which is the instantaneous strain plus
basic creep and drying creep strains at time ¢ caused by a sustained unit stress
first applied at age 7, is obtained by adding a drying creep coefficient to the
right hand side of Eq. 4.72:

1 .
Q(t? T) = E(l + ¢bo(t$ T) + ¢do(ts Tsh)) (4.72)
]
When shrinkage commences prior to the application of load (i.e. when
T> tah):
¢do(ts Ty tah) ¢dkh7'—ml2(1 + 37 )-0 35 (4.73)
where | |
$a=(1+ = o ”‘)-‘/%de » X 106 (4.74)
.’
0.0189 .
¢a = 0.0056 + 110714 if r>0.0 (4.75)
¢a = 0.0056 ifr<0.0 (4.76)

r = 0.86((s/a) 28 o /s P ~ 085 (47D
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and
kp=1—103p"$ (4.78)

in which s/a is the sand to total aggregate ratio by weight; h is the humidity
in percent; and all other symbols are as defined for shrinkage prediction.

The total creep coefficient used with elastic modulus at age 7 is

é(t,7) = E(r)®(t,7) -1 (4.79)

4.4.2 Creep Coefficients

It is well known that basic creep is the increase in strain under sustained
load without losing water, i.e., the tests are performed on a sealed specimen.
The size dependency of basic creep is very limited. If the same specimen is
tested while it is dried, the additional strain is called drying creep, which
depends on the concrete member size and moisture state. In theory, total
creep can be divided into basic creep and drying creep, as done by Bazant and
Panula. On the other hand, because basic creep and drying creep are different
phenomena, failing to separate them, as in most existing codes, logically causes
a very significant error. For this reason, basic creep and drying creep are
studied individually.

The creep coefficient is affected by numerous factors among which the
most important factors can be classified into two groups. The factors in the first
group , including age at loading, concrete composition and curing temperature,
will affect the properties of concrete as well as the maturity when it is stressed,
so they will affect basic creep as well es drying creep. Those in the second
group, such as size of structural member and ambient humidity, will only affect

drying creep.
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Relative Strength

Traditionally, as far as the loading age and the curing conditions are
concerned, the creep coefficient is treated as a function of age at loading. To
consider the effect of curing temperature, equivalent age from maturity func-
tion is introduced. From the previous studies, those factors can be related to
the relative strength at loading. To verify this idea, the experimental data
reported by fifteen researchers were studied by Parrott®??. Parrott’s data was
reinterpreted converting the the age at loading into relative strength by using
the proposed maturity formula discussed previously. The data reported by
Bryent and Vadhanavikkit'® were also inciuded. All the data were summa-
rized in Fig. 4.10. It was concluded that creep coefficient can be related to
relative strength at loading by means of maturity concept.

By dividing creep strains for various strengths at loading by the value
corresponding to loading at age of 28 days, the creep coefficient due to relative

strength was obtained:

¢r=2- (%)m (4.86)

A similar conclusion was also reported by Ulitski*?®, as shown in Fig.

4.11.

Relative Humidity

The influence on creep by the relative humidity of the air in which
the concrete is exposed has been known for a long time. It is observed that
drying concrete creeps at a higher rate and achieves higher long-term creep
than concrete which remains wet, but the effect decreases with an increase in
size of the concrete member. Humidity affecting the long-term creep value is
obvious, but whether or not it also affects the relative rate of creep still remain
uncertain. The effect of humidity on creep rate will be discussed with the size
effect later, here only its effect on the long-term value of creep was considered.
Of course, relative humidity can only affect drying creep.

Because relative humidity might also affect creep rate, in order to discuss
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its effect on the long-term drying creep value, only very long term or small size
drying creep data were useful. The data reported by Trorell* (4 x 14 in, 25
vears) and Keeton*! (3 x 9 in, 2.5 years) were used, as shown in Fig. 4.12,
with relative humidity of 75% as reference. By using computer optimization,

a formula, wiich is shown in Fig. 4.12. was obtained as:

én = 1.46(1 - ') (4.81)

Stress Level

It is generally accepted that for stress level ¢, fum < 0.5, the creep is
proportional to the applied stress, which means that creep is independent of
stress level. It was found**" ** that when ¢ > 0.5f.,, the creep per unit stress
at the higher levels of stress was significantly greater than that at the lower
levels because of the increasing of microcracking.

To investigate the stress level on the long-term creep, a large series
of tests were performed by Keeton*'4. Specimens with different sizes, under
stress levels varying from 0 to 60% f.m, were tested in relative humidity from
20% to 100%. The result showed that for stress level ¢ < 0.5f.m, creep was
directly proportional to the applied load.

Duration of Loading
Many investigations have been concerned with the effect of time on
creep. To estimate long-term creep from short-term measured data, numerous
mathematical expressions relating creep and time have been suggested. One
of the most convenient is the hyperbolic expression introduced by Lorman®1¢.

The creep ¢ after time ¢ under load as

_ t
cua+bt

(4.82)

when t = o0, ¢ = 1/b is the ultimate value of creep. a and b are constants
determined from experimental results: by plotting t/c against ¢, a straight line

of slope b is obtained, and the intercept of the ¢/c axis is equal to a.
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The recent investigations by Brooks and Neville’® and Brooks*S showed
that for the majority of concrete. regardless of the water/cement ratio, type of
cement and agzregate, or size of the concrete member, creep at the age ¢, C,,

can be related to the creep after 2§ days under load by the expression:
Ce = Ca5(—6.19 + 2.151nt )08 (4.83)

To use this formula, the creep of 28 days after loading has to be deter-
mined experimentally.

From the above two equations it can be seen that some investigators
believe that creep eventually goes to a final value, but sthers do not give a
limit for creep. To verify this, Trozell’'s*?® experimental data, which extended
over 28 years, was studied. It was found that up to 28 years, there was no
sign of a limit for either basic creep or drying creep, but after 10 years, drying
creep developed much more slowly than basic creep did. That means that time
effect on basic and drying creep are different, so their effects should be studied
separately.

Member Size

Large specimen size slows down the process of diffusion of the absorbed
water, therefore, delays or decreases drying creep. Some researchers use "de-
lay” because they believe drying creep will eventually goes to a final values
witnin structure life time, but others do not think so. Trorell*?® stated in
his paper " These values (tested over 9.5 years) definitely show that creep de-
creases as the size of the spécimen incfea.ses”. A series of tests with various
sizes reported by Bryant*® also came to the same conclusion.

Since member size affects the free escape of moisture under load, it
is logical to consider that in addition to the long-term creep, if the relative
humidity also affects the creep rate, as member size does. It was found by
numerical analysis from Keeton’s data that humidity did not affect the creep
rate; it only affected the absolute drying creep value.
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4.4.3 Creep Prediction

As discussed previously, basic creep and drying creep have to be studied
individually.

Assume that total creep strain
Eer = €i( Dy + $4) (4.84)

where ¢; is the instantaneous strain when loaded, @, and &y are basic creep
coefficient and drying creep coefficient respectively.

The basic creep coefficient is only a function of relative strength of
concrete when loaded, as indicated by Eq. 4.80, and the sustajned loading

time ¢, s¢ it can be expressed by:
¢, = Ry (Int)™ (4.85)

To get the values of m and K, experimental data reported by Trozell*®®,
Bryant®, Brooks*® and Keeton*'* were used. By using computer optimiza-
tion, it was found that m = 0.75 and K, = 0.290, with & very low error

coefficient of 9.1%. The calculated values of K} are listed in Table 4.3.

90



Tested by | & | ege | f(to)/fom |t | Kb

Trozell¥? | 272 | 420 | 1.00 8400 | 0.293
Bryant*® {246 | 420 | 0.85 1943 | 0.308
Keeton™14 | 370 [ 460 | 0.72 897 | 0.213
Brooks%® | 347 | 656 | 0.85 3650 | 0.321
Brooks'> | 336 | 504 | 0.85 3650 | 0.254
Brooks*® | 672 | 1120 | 0.85 3650 | 0.283
Brooks?® | 358 | 676 | 0.85 3650 | 0.320
Brooks'> | 379 | 689 | 0.85 3650 | 0.308
Brooks®> | 338 | 628 | 0.85 3650 | 0.315
Brooks*> | 370 | 644 | 0.85 3650 | 0.295
Brooks*® | 354 | 670 | 0.85 3650 | 0.321

Table 4.3: Coefficient for basic creep from tests

Drying creep coefficient is much more complicated than basic creep
coefficient, it is a function of relative strength when loaded, relative humidity,
member size and time of sustained loading, and can be assumed by:

by = Kaop(1 - h‘)(z—s)“(lnt)°-7ti—— (4.86)
fem A(g)2 + P
The same data were used to get n, 4, «, f and Ky. It was found that
when n=0.5, 4 = 0.12, a = 0.33, and 8 = 1.0, K, has a minimum value of
error coefficient of 10.4%, with average Ry = 1.47. The tested values of K are

listed in Table 4.4.
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Tested by |&i |cper | ftol/ fom | fom | B V/S|t K,

Troxell’?® | 275 1 800 | 1.00 17.2 | 0.50 | 25.4 | 8000 | 1.65
Trozell’*® | 275 | 600 | 1.00 17.2 1 0.0 | 25.4 | S000 | 1.53
Bryant*® | 246 { 680 [ 0.85 90.1 | 0.60 { 25.0 | 1943 | 1.535
Bryant*® | 246 | 590 ] 0.85 50.1 | 0.60 | 37.0 | 1943 | 1.78
Bryanti® | 246 | 480 | 0.85 50.1 | 0.60 | 50.0 { 1943 | 1.54
Bryant'® | 246 | 370 | 0.85 50.1 1 0.60 | 75.0 | 1943 | 1.38
Bryant*8 | 246 | 270 |0.85 50.1 ] 0.60 { 100. | 1943 [ 1.21
Bryant'8 | 246 | 610 | 0.85 50.1 | 0.60 | 50.0 | 1943 | 1.95
Bryant'® | 246 | 415 | 0.85 50.1 | 0.60 | 75.0 [ 1943 | 1.55
Bryant*8 | 246 | 340 |0.85 50.1 | 0.60 | 100. | 1943 | 1.52
Bryanti® | 246 | 220 | 0.85 50.1 | 0.60 | 150. [ 1943 | 1.46
Bryant*® | 246 | 130 | 0.85 50.1 | 0.60 | 200. | 1943 | 1.25
Keeton*! | 413 | 740 | 0.72 45.210.75|19.1 | 897 | 141
Keeton** | 413 | 1000 | 0.72 45.2 1 0.50 | 19.1 | 897 | 1.39
Keeton*!4 | 413 | 1095 | 0.72 45.210.20 | 19.1 1 897 | 1.42
Keeton!4 | 550 | 770 | 0.72 45.2 [ 0.75 138.2 { 89T |1.25
Keeton®! | 550 | 960 | 0.72 45.2 [ 0.50 [ 38.2 | 897 | 1.14
Keeton®1? | 550 | 1040 | 0.72 45.2 1 0.20 | 38.2 | 897 | 1.16
Brooks'® |329 1017 | 0.85 20.9 { 0.60 [ 19.1 | 3650 | 1.45
Brooks®® | 3491955 |0.85 39.1 {0.60 [ 19.1 | 3650 | 1.84

Table 4.4: Coefficient for drying creep from tests
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4.4.4 Proposed Formula

The total creep strain at time ¢t after loading. due to a constant stress o

loaded at time t,, can be estimated as following:

ce(t,)
E.(t,

The basic creep coefficient &, may be calculated from:

£e(t) = )(‘I’b + &) (4.87)

&y = 0.30¢,(Int)>™ (4.88
!

and the drying creep coefficient can be obtained from:

t
fcm 0.12(%)% +1¢

- where, if fon < 30 MPa, use fon = 30 MPa; ¢; is a coefficient concerning the

= 1.5¢;¢s (1nt)1/3 (4.89)

relative strength at loading, and can be obtained by:

¢y =2- (':JS::))""2 (4.90)

and ¢, is a coefficient concerning the influence of the ambient relative humidity

on drying creep, aud is given by:

¢n=1-h" (4.91)

4.4.5 Discussion

To perform a finite element analysis of time-dependent behaviour, suit-
able analytical expressions must be selected for creep predicf;ion because the
experimental data for a structure are usually unknown and always incomplete.
The proposed model is based on the idea that creep at any time can be divided
into basic creep and drying creep. By theoretically analyzing the influencing
factors, a formulation was obtained statistically using existing test data. This
model has a clear physical meaning and a simple mathematical format that

can be easily calculated by hand.
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To check accuracy, results calculated using the proposed method are
compared with the laboratory test data*® covering a wide range of independent
variables. It can been seen from Fiy.4.13 to Fig. 4.17 that the predicted values
fit the experimental data quite well. With this simple model, one can then
predict the creep for any time . The only requirement is to know the concrete
design strength, loading history and the ambient relative humidity.

The ACI and CEB 90 models are also compared with the test data. It
can be seen from Fig.4.18 to Fig.4.23 that neither of them represents the data
satisfactorily and they tend to underestimate creep.

Although Bazant-Panula’s model is very complicated, it also seemns not

able to predict creep with enough satisfaction, as shown in Fig. 4.24.

4.5 Summary

1. Shrinkage and creep develop with time in a similar way: both are af-
fected by the volume to surface area ratio of the concrete member and ambient
relative humidity.

2. The errors in the prediction of shrinkage and creep are large no matter
which model is used. This can be attributed to the fact that the shrinkage and
creep are affected by numerous factors, most of which are dependent on the
others.

3. The most importé.nt factors influcacing long-term shrinkage are the
28-day strength of the concrete member, maturity when shrinkage begins, ce-
ment type and the ambient relative humidity.

4. ACI time development function for shrinkage does not represent the
experimental data well, so it is unlikely to accurately predict the long-term
values with short-term tests. The time function in CEB 90 basically fits the
experimental data.

5. Creep is significantly affected by the relative strength at the time of
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loading. The value of the relative strength can be estimated by using the ma-
turity function. So the loading history can not be ignored for creep prediction.

6. For stress level o/f.. < 0.5, creep is proportional to the applied
load. The principle of superposition is valid for time-dependent strain due to
any stress history. The time-dependent strain should be calculated according
to its stress and maturity history.

7. Both ACI and CEB 90 models underestimate creep, especially the
long term values.

8. The proposed creep and shrinkage prediction model is very simple
and practical. Since the parameters are statistically determined, it gives a

satisfactory result for a wide range of independent variables.
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Figure 4.1: Time development function for shrinkage proposed by ACI
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the experimental data
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Figure 4.20: Comparison of the creep prediction model proposed by ACI with

the experimental data

1200
TOTAL CREEP e
Temparatures20'C
1000 b Ru=80% ° x
Streased lo 7 MPu on day 14 o |
x
LECLN °° x +
e O« 400 mm 1q. praam 9
£ 23 amit st o7
800 | x50 . x +
- 02130 mm 14, prism ° x + s
a L2 x * -
L
X
_E 400 |
[-%
M -
4 BY CEB-FIP 850 B
(%]
3‘ 400 | Teated by bryant & Vadhanavikkit
] .
200
[+] " N RS L 4 4 1Ll I I AW 2 33 i )
1 10 i) 10 1

Age of concrete in Days

Figure 4.21: Comparison of the creep prediction model proposed by CEB-90
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Figure 4.22: Comparison of the creep prediction model proposed by CEB-90
with the experimental data
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Chapter 5

Conclusions and

Recommendations

Concrete structures are frequently exposed to high loads at an early age
during construction. The result of such exposure may affect the performance
of the finished structure. Examples of such situations are early form stripping,
slip form construction, prestressed structures, stresses and strains due to heat
of hydration, etc.

The primary purpose of this investigation was to summarize existing
knowledge and understanding of the mechanical properties (strength and de-

formation) of concrete at an early age.

5.1 Conclusions

On the basis of the results from the present study and from the literature,

the following conclusions may be made.
1. Maturity method gives a satisfactory representation of strength gain

with time under isothermal conditions.
2. Nurse-Saul maturity function can only be used for normal tem-

perature, while Arrhenius function can be used for a relatively wide range of
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temperature.

3. The basic difference between the Nurse-Saul and Arrhenius maturity
functions is different ways of modeling the k-T relation. The Arrhenius function
can be modified by using different activation energy for each hydration stage
to represent the k-T relation.

4'. Ultimate strength of concrete is affected by casting and curing tem-
perature, especially when water cement ratio is high.

5. The relationship between early age strength to 28-day strength ratio
and its maturity varies with type of cement, but is affectingly independent of
water cement ratio and curing temperature.

6. For Portland cement concrete at any age, the modulus of elasticity
can be uniquely related to the compressive strength, regardless the composition
of the concrete.

7. CEB Code gives a better representation for prediction of E-modulus
for mature concrete than the ACI-CSA codes.

8. Neither the ACI-CSA nor CEB code relationships are accurate
enough to be used for prediction of E-modulus of concrete at early ages.

9. The relationship between tensile and compressive strength of concrete
is essentially unchanged by its curing temperature, concrete composition or age.

10. The CEB Code gives a better representation for the relationship
between tensile and compressive strengths than the ACI code.

_ 11. Punching shear strength is proportional to the cube root of concrete
strength, and is also proportional to the steel ratio. European code formulae
fit the experimental data very well, while the ACI-CSA equations are too
conservative.

12. Shrinkage and creep develop with time in a similar way: both are
affected by the volume to surface area ratio of the concrete member and the
ambienf relative humidity.

13. The most important factors influencing long-term shrinkage are the

28-day strength of concrete member, the maturity when shrinkage begins, ce-
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ment type and its ambient relative humidity.

14. The errors in the prediction of shrinkage or creep are large no matter
which model is used. This can be attributed to the fact that the shrinkage and
creep are affected by numerous factors, most of which are related to the others.

15. Creep is significantly affected by the relative strength at the time
of loading. So the loading and maturity history of the structure member can
not be ignored for creep prediction.

16. There is no final value for creep. For long-term strain, basic creep
develops much faster than drying creep after five to ten years of loading,

17. For 0/ fem < 0.5, creep is proportional to the applied load. But if
0 > 0.5 fcm, creep develops faster than the applied stress.

18. ACI time development functions for shrinkage and creep do not
represent the experimental data well, so are unlikely to accurately predict the
long-term values from short-term test data. The time functions in CEB 90
model basically fit the experimental data.

19. Both ACI and CEB 90 models underestimate shrinkage and creep
values, especially the long-term values.

20. All early-age mechanical properties of concrete can be related to
its compressive strength, no matter what age it is at. Therefore, they are all

time-independent.
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5.2 Recommendations

1. In order to avoid extensive cracking 2nd thus high immediate and long
term deflection of flat slabs, it is desirable to determine the exact variations in
magnitude of dead and live loads that may occur during construction as well
as the available strength at the time of removal of forms.

2. The following formulae can be used to estimate the available com-

pressive strength:

Ll(tl - Il If4
fi(28) — .4+32:t20)3]‘

where:

fi(t): the mean strength at age of ¢ days;

fi(28): the mean design 28-day strength;

t20: equivalent age of concrete using modified Arrhenius function.
A and B are constants depending on the type of concrete:

for Type 10 cement, A=2.8, B=0.77;

for Type 20 cement, A=3.5, B=0.71;

for Type 30 cement, A=1.2, B=0.90.

3. For normal weight concrete, modulus of elasticity at any age can be

calculated by:

E. =3.0(f)*® when f! <2IMPa
E. =9.0(f)Y® when f!'>27MPa.

4. The tensile strength formula proposed by CEB-FIP 1990 can be used
for all concrete, regardless of type of cement or concrete age.
fi = 0.30(f)*°
5. The B58110:1985 Code is recommended to calculate the punching
shear strength.
6. To predict long-term shrinkage of concrete by short-term testé, the

time development function expressed by Eq.4.41 can be used. If no experi-
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mental data are available, Eq. 4.40 can be used to estimate shrinkage at any
tine,

7. Creep may be estimated based on the basic creep and drying creep,
according to the loading and maturity history, concrete member properties and

the ambient relative humidity. Equations 4.87 to 4.91 may be used.
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